Role of amino acids in cell volume control in the ribbed mussel: alanine and proline metabolism by Greenwalt, Dale Edward
Retrospective Theses and Dissertations Iowa State University Capstones, Theses andDissertations
1981
Role of amino acids in cell volume control in the
ribbed mussel: alanine and proline metabolism
Dale Edward Greenwalt
Iowa State University
Follow this and additional works at: https://lib.dr.iastate.edu/rtd
Part of the Zoology Commons
This Dissertation is brought to you for free and open access by the Iowa State University Capstones, Theses and Dissertations at Iowa State University
Digital Repository. It has been accepted for inclusion in Retrospective Theses and Dissertations by an authorized administrator of Iowa State University
Digital Repository. For more information, please contact digirep@iastate.edu.
Recommended Citation
Greenwalt, Dale Edward, "Role of amino acids in cell volume control in the ribbed mussel: alanine and proline metabolism " (1981).
Retrospective Theses and Dissertations. 7170.
https://lib.dr.iastate.edu/rtd/7170
INFORMATION TO USERS 
This was produced from a copy of a document sent to us for microfilming. While the 
most advanced technological means to photograph and reproduce this document 
have been used, the quality is heavily dependent upon the quality of the material 
submitted. 
The following explanation of techniques is provided to help you understand 
markings or notations which may appear on this reproduction. 
1. The sign or "target" for pages apparently lacking from the document 
photographed is "Missing Page(s)". If it was possible to obtain the missing 
page(s) or section, they are spliced into the film along with adjacent pages. 
This may have necessitated cutting through an image and duplicating 
adjacent pages to assure you of complete continuity. 
2. When an image on the film is obliterated with a round black mark it is an 
indication that the film inspector noticed either blurred copy because of 
movement during exposure, or duplicate copy. Unless we meant to delete 
copyrighted materials that should not have been filmed, you will find a good 
image of the page in the adjacent frame. If copyrighted materials were 
deleted you will find a target note listing the pages in the adjacent frame. 
3. When a map, drawing or chart, etc., is part of the material being photo­
graphed the photographer has followed a definite method in "sectioning" 
the material. It is customary to begin filming at the upper left hand corner of 
a large sheet and to continue from left to right in equal sections with small 
overlaps. If necessary, sectioning is continued again—beginning below the 
first row and continuing on until complete. 
4. For any illustrations that cannot be reproduced satisfactorily by xerography, 
photographic prints can be purchased at additional cost and tipped into your 
xerographic copy. Requests can be made to our Dissertations Customer 
Services Department. 
5. Some pages in any document may have indistinct print. In all cases we have 
filmed the best available copy. 
University 
Microfilms 
International 
300 N. ZEEB RD., ANN ARBOR, Ml 48106 
8122517 
GREENWALT, DALE EDWARD 
ROLE OF AMINO ACIDS IN CELL VOLUME CONTROL IN THE RIBBED 
MUSSEL: ALANINE AND PROLINE METABOLISM 
Iowa State University PH.D. 1981 
University 
Microfilms 
I n torn ationsl 300 N. Zeeb Road, Ann Arbor, MI 48106 
Role of amino acids in cell volume control in the 
ribbed mussel: Alanine and proline metabolism 
by 
Dale Edward Greenwalt 
A Dissertation Submitted to the 
Graduate Faculty in Partial Fulfillment of the 
Requirements for the Degree of 
DOCTOR OF PHILOSOPHY 
Major: Zoology 
Approved: 
Major Work 
For the Major Departmer 
For the Graduate College
Members of the Committee: 
Iowa State University 
Ames, Iowa 
1981 
Signature was redacted for privacy.
Signature was redacted for privacy.
Signature was redacted for privacy.
Signature was redacted for privacy.
ii 
TABLE OF CONTENTS 
INTRODUCTION 
MATERIALS AND METHODS 
Materials 
Synthesis of P-2-C, P-5-C, and Alanopine 
Heart Rates and Oxygen Uptake 
Extraction and Analysis of the Intracellular Free Amino 
Acid Pools 
Aminotransferase Assays 
Measurement of ^^C-CO^ Produced from ^'•C-Labeled Amino 
Acids and Glucose by Isolated Tissues 
Glucose Utilization by Isolated Gill Tissue 
Amino Acid Uptake 
Incorporation of i^'C-Labeled Amino Acids and Glucose into 
Metabolites in Isolated Gill Tissue 
Statistical Analyses 
RESULTS 
Amino Acid Accumulation During Short Term Hyperosmotic 
Shock 
i^t-Tracer Experiments to Evaluate Probable Origins 
and Fates of Alanine and Proline 
DISCUSSION 
Proline Metabolism 
Alanine Metabolism 
The Metabolism of Other Amino Acid Solutes 
CONCLUSION 
LITERATURE CITED 
ACKNOWLEDGEMENTS 
APPENDIX 
1 
INTRODUCTION 
The plasma membranes of most animal cells are much more permeable to 
water than to extracellular and intracellular solute molecules (Dick, 
1970). Consequently, the movement of water between the cell and its en­
vironment will follow the distribution of the various molecules serving as 
osmotic effectors. If a cell is placed in distilled water (hypoosmotic 
stress), water will flow into the cell resulting in a swelling and, possi­
bly, eventual bursting of the cell. On the other hand, if the cell is 
placed in a very concentrated salt solution (hyperosmotic stress), water 
will flow out of the cell resulting in cell shrinkage. Many organisms 
have evolved complex mechanisms to insure a stable extracellular (body 
fluid or blood) osmotic pressure so as to minimize perturbations of cell 
volume. These organisms, termed osmoregulators, actively regulate or 
maintain the osmotic concentration of the blood, or extracellular fluid, 
in face of osmotic stress (e.g., dehydration and changes in salinity). 
However, under certain pathological conditions such as ischemia (reviewed 
by MacKnight and Leaf, 1977) and cerebral edema during hemodialysis 
(Arieff et al., 1973), even organisms with osmoregulatory capabilities as 
advanced as those found in mammals are subject to conditions wherein the 
cell itself must regulate its volume. This phenomenon, called intracel­
lular isosmotic regulation, is commonly found in a variety of marine in­
vertebrates (for a recent review, see Gilles, 1979). These animals are 
osmoconformers because the osmotic pressure of their blood conforms to, 
or remains isosmotic, with that of the environment (i.e., saltwater). 
As the osmotic pressure of the blood increases or decreases to match that 
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of the external environment, the cells, which must maintain their original 
volume, must alter the intracellular solute concentration so as to prevent 
the efflux or influx of water. It is important to note here that the 
term "osmoconformer" applies only to osmotic pressure; the actual ionic 
makeup of the blood differs greatly from that of the environment. Like­
wise, the identities of the osmotic solutes within a cell differ from 
those found in the blood or body fluid. 
A variety of solutes participate in the regulation of intracellular 
osmotic pressure. Many vertebrates rely on inorganic ions such as Na*, 
and CI". Marine osmoconformers, however, usually rely on both inorganic 
and organic solutes (Gilles, 1979). This is undoubtedly a function of the 
extremely high concentrations of organic ions found in the tissues of 
marine organisms. Organic solutes which serve as important osmotic ef­
fectors in marine animals include urea (Balinsky, 1980; Forster et al., 
1978), taurine (Hoffmann, 1978; Pierce, 1971), e-alanine (Forster et al., 
1978; Kasschau and Chen, 1978), glycine betaine (Bricteux-Gregoire et 
al., 1964), and non-essential amino acids such as glycine, alanine and 
proline (Potts, 1958; Pierce, 1971). 
The euryhaline mollusc Modiolus demissus is an osmoconformer (Pierce, 
1970). When subjected to short term hyperosmotic stress, both the whole 
animal and isolated tissues accumulate the small non-essential amino acids 
alanine and proline as osmotic effectors (Baginski and Pierce, 1977). The 
role of alanine as an intracellular osmotic solute has been firmly estab­
lished in a number of euryhaline molluscs. These include Rangia cuneata 
(Allen, 1961; Henry et al., 1980), crassostrea virginica (Lynch and Wood, 
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1966), Mya arenaria (DupauT and Webb, 1970; Virkar and Webb, 1970), 
Melanopsis trifasciata (Bedford, 1971a), Spisula solidissima (Dupaul and 
Webb, 1974), and modiolus demissus. (Pierce, 1971). Alanine may function 
as the major component of the free amino acid pool (Allen, 1961), or, more 
commonly, it may constitute the majority of the initial increase in the 
free amino acid pool during the course of adaptation to a hyperosmotic 
environment (Baginski and Pierce, 1977). In the latter case, the role of 
alanine as a major osmotic effector is transient, other amino acids (e.g., 
taurine and glycine) comprising the major portion of the osmotic effector 
pool upon long term adaptation to high salinity. 
The accumulation of proline as an osmotic solute in euryhaline mol­
luscs subjected to hyperosmotic shock has been observed in Modiolus 
demissus (Baginski and Pierce, 1975), Rangia cuneata (Henry et al., 1980), 
Crassostrea virginica (Lynch and Wood, 1966), Mya arenaria (Virkar and 
Webb, 1970), and poiymesoda caroiiniana (Gainey, 1978). In isolated tis­
sues of M. demissus, proline is second only to alanine in its relative 
contribution to the increase in the free amino acid pool during the ini­
tial stages of hyperosmotic shock (Baginski and Pierce, 1977). 
The source of both the carbon skeleton and the amino group of the 
alanine molecule has been a matter of speculation ever since Allen (1961) 
first described osmotically-induced increases in alanine concentrations 
in Rangia cuneata as possibly arising from interactions between protein 
turnover and carbohydrate metabolism. Since that time, a number of mech­
anisms for the accumulation of alanine during adaptation to a hyperosmotic 
environment have been proposed. These include 1) active uptake of free 
amino acids from either the environment (Johnston, 1976; Crowe et al.. 
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1977), or from haemoTymph (Strange and Crowe, 1979), 2) alterations in the 
balance between amino acids and protein (Bedford, 1971b), 3) tissue spe-i 
cific accumulation of amino acids .in tissues incapable of oxidizing the 
amino acids (King et al., 1980), and 4) increased de novo synthesis. 
Mechanisms proposed for the latter have included synthesis from 1) the 
aspartic acid pool (Dupaul and Webb, 1970), 2) glycogen stores via anaero­
bic (Baginski and Pierce, 1975) or normoxic (Henry et al., 1980) pathways, 
and 3) keto-acids derived from protein degradation (Bishop, 1976). 
A necessary component of any de novo pathway for alanine synthesis 
must include formation of alanine from pyruvate. Again, a number of path­
ways for this seemingly simple step have been proposed. Transamination 
would appear to be the most straightforward step. Aminotransferases are 
present at high levels in molluscs (Hammen, 1968). Indeed, Dupaul and 
Webb (1974) and Wickes and Morgan (1976) have even attempted to demon­
strate increases in the levels of several aminotransferases in Mya 
arenaria and Spissula solidissima, and Carssostrea virginica, respectively, 
during hyperosmotic adaptation 
The direct fixation of NH3 has been proposed as an alternative to 
total reliance on transamination reactions. Fixation of NH3 could involve 
a transdeamination, involving interaction of glutamate-pyruvate amino­
transferase and glutamate dehydrogenase. Gilles (1969) has suggested 
that varying concentrations of specific salts may, in fact, regulate a 
number of the enzymes involved in amino acid metabolism. A more recent, 
but less well-founded, pathway involves the direct reductive amination 
of pyruvate via an alanine dehydrogenase. Despite lack of evidence for 
the presence of this enzyme in eukaryotic organisms, this mechanism has 
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been proposed because of the low levels of glutamate dehydrogenase in 
these organisms (Zurburg and de Zwaan, 1980; Livingstone et al., 1979; 
Henry et al., 1980). 
The source of proline is also unknown. Baginski (1978) has suggested 
that proline may be released directly from protein as a result of in­
creased protein turnover. Baginski and Pierce (1975) and, more recently, 
Zurburg and de Zwaan (1980) have suggested that proline is synthesized an-
aerobically from glutamic acid. However, Baginski (1978) and de Zwaan et 
al. (1975) found no incorporation of ^^C-U-glutamic acid into proline in 
Modiolus demissus and Mytilus edulls, respectively. That proline synthe­
sis occurs via anaerobic pathways is questioned by the results of both 
Baginski and Pierce (1978) and Henry et al. (1980). An alternate path­
way of proline synthesis yet to be investigated relative to hyperosmotic 
adaptation, is synthesis of proline from arginine. Portions of this path­
way have been demonstrated in the land snail otaia lactea (Campbell and 
Speeg, 1968; Campbell and Bishop, 1970). 
The present study was undertaken in an attempt to elucidate the exact 
pathways of alanine and proline synthesis in the euryhaline mollusc 
Modiolus demissus. The use Of isolated tissue preparations, which have 
been shown to accumulate amino acids during stress in ways very similar 
to the whole animal (Dupaul and Webb, 1971; Baginski and Pierce, 1977), 
has allowed us to eliminate amino acid uptake as a mechanism of amino 
acid accumulation during hyperosmotic stress. 
These studies have utilized a number of metabolic inhibitors includ­
ing arsenite, an inhibitor of a-keto acid dehydrogenases (Simpson and 
Hecker, 1979), aminooxyacetic acid (AOA) and L-cycloserine (L-CS), 
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inhibitors of aminotransferase enzymes (Meijer et al., 1975, Wong et al., 
1973), mercaptopicolinicacid, an inhibitor of phosphoenolpyruvate carboxy-
kinase (Di Tull'io et al., 1975), butylmalonic acid, an inhibitor of mito­
chondrial malate transport (Meijer and Tager, 1969), and todoacetic acid 
(Garber et al., 1976), a-chlorohydrin (Brown-Woodman et al., 1978), and 
2-deoxyglucose (Rezek and Kroeger, 1976), all inhibitors of glycolysis. 
Use of these inhibitors in conjunction with free amino acid pool analyses 
has resulted in observation of accumulations of putative precursors or 
intermediates in the pathways of alanine and proline syntehsis during 
hyperosmotic stress. Such information has allowed formulation of possible 
pathways of alanine and proline synthesis during hyperosmotic stress. 
These pathways were then examined using ^^t-labeled tracers (end products, 
and suspected precursors and/or intermediates), again, in conjunction 
with the use of metabolic inhibitors. 
As pyridoxal phosphate-linked aminotransferase reactions are involved 
in the metabolism of many amino acids, use of AOA and L-CS was of particu­
lar interest. The actual effectiveness of AOA and L-CS as inhibitors of 
transaminase reactions was determined in in vitro assays of several amino­
transferases (glutamate-pyruvate aminotransferase, glutamate-oxaloacetate 
aminotransferase, alanine-glyoxalate aminotransferase, and ornithine 
aminotransferase) in the presence of varying concentrations of AOA and 
L-CS. 1^^-tracer studies in which ^"^C-CO^ evolution from ^'^C-amino acids 
in the presence of AOA was measured, provided an in vivo analysis of the 
participation of the aminotransferase enzymes in the amino acid metabolism 
of isolated tissues of M. demissus subjected to hyperosmotic shock. In 
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addition, examination of ^^C-COz evolution from I'+C-alanine, ^'•C-glutamic 
acid and ^'^C-ornithine in the presence of AOA allowed an examination of 
the relative roles of glutamate dehydrogenase, alanine dehydrogenase and 
L-amino acid oxidase, respectively, in the metabolic response of isolated 
tissues of M. demissus to hyperosmotic shock. 
8 
MATERIALS AND METHODS 
Materials 
Amino acids, keto-acids, tris, methionine sulfone, aminooxyacetic 
acid, arsenite, iodoacetic acid, 2-deoxyglucose, o-aminobenzaldehyde, 
digitonin, pyridoxal phosphate, NADH, lactate dehydrogenase, Jack Bean 
urease (type III), Sephadex 6-25, and Dowex (50 x 4-100, and 50 x 8-100) 
ion exchange resins were purchased from Sigma Chemical Co. Amino acid 
analyzer supplies, including buffers, solvents and amino acid standards 
were purchased from Pierce Chemical Co. a-chlorohydrin (3-chlorohydrin-l, 
2-diol ) was purchased from Aldrich Chemical Co. L-cycloserine was a gift 
from Dr. W. E. Scott of Hoffmann-LaRoche, Inc., Nutley, NO. Mercapto-
picolinic acid was a gift from Dr. H. L. Saunders of Smith, Kline and 
French Labs, Philadelphia, PA. Butylmalonate was prepared by hydrolysis 
of the diethyl ester purchased from Pfaltz and Bauer, Inc. (Vogel, 1956). 
Ammonium sulfate (Special Enzyme Grade) and radioactive ink were pur­
chased from Schwarz Mann, Inc. Uniformly labeled ^'•C-alanine, glutamic 
acid, ornithine, arginine, proline, aspartic acid, valine, leucine, gly­
cine and glucose, ^'•C-6-glucose, i'+C-3-pyruvate, I'+C-l-ornithine, and 
i^C-guanidino-arginine were purchased from New England Nuclear, Inc. 
i^C-l-glucose and ^H-S-glucose were purchased from Amersham Corp. Liquid 
scintillation fluors and accessories were purchased from New England Nu­
clear (Econofluor and Hyamine Hydroxide) and Mallinckrodt. Inc. (Handi-
fluor). ^'^C-labeled pyrroline-2-carboxylic acid, pyrroline-5-carboxylic 
acid and ot,a-iminodipropionic acid were synthesized enzymatically by J. M. 
Burcham and S. H. Bishop in this laboratory (described below). Reagent 
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grade chromatography solvents and all other chemicals were purchased from 
Fisher Scientific Co. Water was once distilled and demineralized in a 
NANO pure (Barnstead) water purification system. 
Mussels [Modiolus demissus) were collected from Little Sippewisset 
Marsh on Cape Cod, MA, and maintained on sea tables in running sea water 
at the Marine Biological Laboratory, Woods Hole, MA, or purchased from 
the Northeast Marine Specimen Co., Monument Beach, MA, and kept in an 
LS-700 Frigid Units aquarium at 15°C in Instant Ocean artificial sea 
water. Before all experiments, mussels were acclimated to a salinity of 
12*^/00 (340-350 milliosmolar) for at least three weeks. For experimenta­
tion, artificial sea water (ASW) was prepared using the formula of 
Cavanaugh (1956) with 10 mM Tris (pH 7.7) in place of bicarbonate. Im­
mediately prior to use, the ASW was filtered through a 0.45p millipore 
membrane and aerated. Osmolarities of all sea water solutions were deter­
mined using an Advanced Osmometer, model 3L (Advanced Instruments, Inc.). 
Lugworms {Arenicoia cristata) were obtained from the Supply Department of 
the Marine Biological Laboratory, Woods Hole, MA, and maintained on sea 
tables in running sea water. 
Synthesis of P-2-C, P-5-C, and Alanopine 
i^c-pyrroline-S-carboxylic acid (P-5-C) was prepared from I'+C-orni-
thine using ornithine aminotransferase. Ornithine aminotransferase was 
prepared from rat liver using a modification of the procedure described 
by Strecker (1965). ^^C-U-L-A^-pyrroline-5-carboxyl ic acid was prepared 
by incubating 0.06 units of enzyme (1 unit = 1 ymole of product/min/ml 
reaction mixture) with 20 pmoles a-ketoglutaric acid, 10 umoles 
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i^-U-L-ornithine (0.5 pCi/ymole), and 80 ymoles imidazole » HCl (pH 7.5) 
in a total volume of 1 ml. After two hours at 30°C, the reaction was 
stopped by the addition of 0.1 ml ,2N perchloric acid. The precipitate 
was removed by centrifugation and the solution neutralized with potassium 
hydroxide. The resulting supernatant was applied to a column of Dowex 
SOW, (H^), and the column was washed consecutively with water, O.IN HCl, 
and 0.5N HCl (Strecker, 1960). The 0.5N HCl fraction, which contained 
the P-5-C, was concentrated on a rotary evaporator and stored at 4°C. 
1 i+C-U-A^-pyrroline-2-carboxylic acid was prepared from I'+C-ornithine 
using the L-amino acid oxidase prepared from gill tissue as described by 
Burcham et al. (1980). The final enzyme preparation, resuspended by 
homogenization at a final concentration of 10 mg protein/ml, exhibited an 
activity of 0.063 ymoles Og consumed/min/mg protein in a reaction mixture 
containing 0.78 mM NaNg and 4.3 mM L-ornithine at 25°C (pH 4.8). ^'•C-U-
-pyrroline-2-carboxylic acid was prepared by incubating 1 ml of the en­
zyme suspension with 80 ymoles sodium citrate (pH 4.8) and 10 pmoles 
i^C-U-L-ornithine (0.5 uCi/pmole at 30°C in a metabolic shaker. After 
five hours, the reaction (total volume = 2.5 ml) was stopped by the addi­
tion of 0.25 ml 2N perchloric acid. P-2-C was isolated from the super­
natant, and concentrated using the Dowex ion exchange procedure described 
above for P-5-C. 
Alanopine ( c t ,  a-imi nodi propionic acid or IDP) was synthesized using 
alanopine dehydrogenase isolated from M. demissus gill tissue (Bishop 
et al., 1980a). ^^C-carboxyethyl-alanopine was prepared by incubating 
0.2 units of enzyme (1 unit = 1 ymole of product/min/ml reaction mixture) 
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with 120 umoles potassium phosphate (pH 7.0), 7.6 ymoles NADH, 20 umoles 
pyruvate and 4 pmoles ^'^C-U-L-alanine (2.5 nCi/ymole) in a total volume of 
5.0 ml. After 6 hours at 25°C, the reaction was stopped by boiling and 
the entire mixture was washed through a charcoal column with water. The 
eluant was applied to a 1 x 19 cm Dowex (50 x 4-200) ion exchange column 
and the column was washed with water. The fractions containing alanopine 
were combined and concentrated. The radiochemical purity of the ^^C-P-2-C, 
i^c-P-S-C, and ^'^C-alanopine were checked using thin layer chromatography 
(solvent system #2) and autoradiography (see below). All three prepara­
tions produced a single radioactive spot when exposed to x-ray film. 
Heart Rates and Oxygen Uptake 
Heart rates were recorded as described by Pierce and Greenberg (1972) 
using a three channel physiograph (Narco model 4-B). 
Oxygen uptake rates were measured at 20°C using a Scholander (Gilson) 
differential respirometer with a shaking rate of 75 strokes/min. Ventri­
cles were washed three times in filtered ASW and allowed to equilibrate 
in 12°/oo ASW for 15 minutes prior to use. Each flask contained 2 ml of 
ASW with 0,3 ml 1 N KOH in the center well. Flasks with ASW and no tissue 
were incubated as controls with each experiment. 
Extraction and Analysis of the Intracellular 
Free Amino Acid Pools 
Free amino acids were extracted from heart and gill tissues and pre­
pared for analysis as described by Amende and Pierce (1978). Briefly, 
50 mg slices of gill tissue or single hearts from mussels acclimated to 
12°/oo sea water were incubated in 2 mis of 12°/oo ASW or 32°/oo ASW with 
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or without the appropriate inhibitor in 25 ml flasks in a shaker bath 
(50 strokes/min.) at 25°C. After the experiment, the tissue was removed, 
frozen on dry ice, lyophilized, and weighed. The lyophilized tissue was 
homogenized in 40% ethanol-water, and the proteins were precipitated by 
heating in screw cap tubes at 1G5°C in a heating block for 10 minutes. 
After centrifugation, the supernatant was dried on a rotary evaporator and 
the residue was dissolved in lithium citrate sample buffer (pH 2.2) con­
taining 0.2 mM methionine sulfone (internal standard) for injection on the 
column of the amino acid analyzer. Amino acid analyses were performed 
with a Glenco MM-60 amino acid analyzer using a 28 x 0.3 cm column of A-4 
resin with the recommended lithium citrate buffer system (Benson, 1972) 
for physiological fluids analysis (4.5 hr program). Data were collected 
using a Spectra-Physics 1 computing integrator. 
Aminotransferase Assays 
Enzymes were prepared and stored at 0-2°C. All assay incubations 
were at 22°C. Cell free extracts for assay of the glutamate-pyruvate-
aminotransferase (GPT), glutamate-oxaloacetate aminotransferase (GOT) and 
alanine-glyoxylate aminotransferase (AGT) were prepared by homogenizing 
heart tissue in 50 mM potassium phosphate (pH 7.5) (1 gm/10 ml), centri-
fuging the homogenate at 1100 x g for 20 min, and desalting the supernatant 
fluid on a Sephadex G-25 column in the phosphate buffer. Desalting was 
required when high levels of endogenous substrates (e.g., alanine, gly­
cine, etc.) were present. 
1) Glutamate-pyruvate aminotransferase (E.G. 2.6.1.2): The reaction 
mixture contained 200 pmoles potassium phosphate (pH 7.5), 50 pmoles 
alanine, 10 moles a-ketoglutarate, 0.3 pmoles NADH, 10 units of LDH, and 
200 lil of the desalted enzyme preparation in 2 ml. Activity was measured 
by recording decline in absorbancy at 340 mm using a Beckman Model 3600 
spectrophotometer; a-ketoglutarate was omitted from the reaction mixture 
in the control incubations. 
2) Glutamate-oxaloacetate aminotransferase (E.G. 2.6.1.1): The 
2 ml reaction mixture contained 200 ymoles of potassium phosphate (pH 7.5), 
200 pmoles of aspartate (pH 7.5), 10 wmoles of a-ketoglutarate, 0.3 pmoles 
of NA0H, and 200 pi of the desalted enzyme preparation which contained an 
excess of endogenous malate dehydrogenase. Activity was monitored by re­
cording the decline in absorbancy at 340 mm (see above), a-ketoglutarate 
was omitted from the reaction mixture in the control incubations. 
3) Alanine-glyoxylate aminotransferase (E.G. 2.6.1.12): The assay 
method is adapted from the procedure of Rowsell et al. (1972). The reac­
tion mixture contained 200 wmoles of potassium phosphate (pH 7.5), 50 
ymoles of alanine, 10 ymoles of glyoxylate, and an aliquot of the desalted 
enzyme in a total volume of 3 ml. After incubation for 40 min, a ml of 
this mixture was added to a mixture containing 1.8 ml of 0.5 M Tris HCL 
(pH 8), 0.1 ml of 3 mM NADH, and 0.1 ml of LDH (10 units). Activity was 
measured by recording the decrease in absorbancy at 340 mm. The high con­
centration of Tris complexes the unreacted glyoxylate which would other­
wise react with the LDH. Reaction mixtures lacking alanine and lacking 
glyoxylate were incubated as controls. 
4) Ornithine aminotransferase E.G. 2.6.1.13): Ornithine-a-keto 
acid aminotransferase catalyzes the reaction between ornithine and a-keto­
glutarate to form glutamic-semialdehyde (pyrroline-5-carboxylate) and 
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glutamate. Cell free extracts for assay of this enzyme were prepared at 
0°C by homogenizing heart or gill tissue (%! gm/10 ml) in 50 mM potassium 
phosphate (pH 7) containing 4 ug of pyridoxal phosphate. The homogenate 
was diluted to 1.5 ml, centrifuged at 800 x g for 5 min, and the super­
natant fluid used as the source of enzyme. The reaction mixture for 
assay of the ornithine aminotransferase (OAT) contained 50 ymoles of 
imidazole HCl (pH 7.5), 15 ymoles of ornithine (pH 7.5), 5 wmoles of 
potassium a-ketoglutarate (pH 7.5) and 50 wl of the enzyme solution in a 
final volume of 0.5 ml. Reaction mixtures lacking added a-ketoglutarate 
were incubated as controls. The reaction was initiated by addition of the 
substrates, incubated at 22°C for 60 min and terminated by addition of ice 
cold 10% trichloroacetic acid. After standing on ice for 5 min, 0.5 ml of 
a solution containg 0.5 g o-aminobenzaldehyde in 100 ml of 95% ethanol was 
added, the solution mixed and the precipitate removed by centrifugation 
in thick walled, conical glass test tubes. The optical density of the 
supernatant fluid at 440 mm was recorded and the concentration of the re­
action product was. calculated using E440 of 2.58 x 10^ (Strecker, 1965). 
Stock inhibitor solutions (AOA or L-CS) were at 80 mM in 0.1 M potas­
sium phosphate buffer (pH 7.5). For the enzyme inhibition studies, enzyme-
buffer mixtures were preincubated with and without the indicated amount 
of inhibitor for five minutes prior to addition of the substrates (see 
Wong et al., 1973 for rationale). 
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Measurement of Produced from ^'^C-Labeled 
Amino Acids and Glucose by Isolated Tissues 
The catabolism of specific amino acids was monitored by recovery of 
i^{-C02 from uniformly i^C-labeled amino acids. Slices (40 mg) of gill 
tissue from mussels adapted to 12°/QQ ASW were incubated with 0.5 uCi 
i^C-U-substrate in two ml s of 12°/oo ASW or 32°/oo ASW at 25°C with shaking 
(50 strokes/min). When inhibitors were present, their final concentration 
was 1 mM. After four hours, incubation was terminated by addition of 0.5 
ml 2N HCIO1+. The flasks were shaken for an additional 45 minutes and the 
evolved ^'*C-C02 was trapped in 0.3 ml hyamine hydroxide in a polyethylene 
cup (Kontes Glass Co.) which extended into each flask (see McDonald et al., 
1972). The radioactivity in the hyamine hydroxide solution was determined 
by transferring the cups to liquid scintillation vials containing 10 ml 
scintillation fluid (EconofTuor, New England Nuclear), and counting in a 
LS-250 liquid scintillation counter (Beckman Instrument Co.). 
Glucose Utilization by Isolated Gill Tissue 
Glucose utilization was determined as described by Chang and Goldberg 
(1978). Forty mg slices of M. demissus gill tissue were incubated in 2 mis 
12°/oo ASW or 32°/00 ASW containing 0.3 pCi ^H-S-glucose at a final glucose 
concentration of 1 mM. Flasks containing ASW and. isotope, but no tissue, 
were included as controls. The ^H-S-glucose was lyophilized prior to use 
to eliminate any possible ^HOH contamination. After 4 hrs at 25°C, the 
incubation was stopped by the addition of 0.25 ml 2N HCIO4 to each flask. 
The media were then neutralized with 2 N KOH and 400 ul aliquots of the 
media were placed in polyethylene cups suspended inside 20 ml liquid 
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scintillation vials containing 0.4 gm of anhydrous CaCl2. After placing a 
small piece of filter paper into the cup to increase the evaporative sur­
face area, the vials were placed in a 37°C water bath. After 20 hrs, the 
dry paper and cups were removed and the CaCl2 was dissolved in 2 mis water. 
Fifteen mis of Handifluor were added to each vial prior to liquid scin­
tillation counting. 
Glucose flux through the pentose monophosphate shunt was calculated 
using the formula of Ashcroft et al. (1972). These calculations required 
the ^H-5-glucose data and ^'^COa evolution data from the ^'^C-l-glucose and 
i^t-6-glucose oxidation experiments. The ^*^002 evolution data were col­
lected as previously described for amino acid and glucose oxidation except 
that 1) the experiments utilized gill tissue from the same mussels as 
those used for the glucose utilization determinations, and 2) in each case, 
the final glucose concentration of the incubation media was 1 mM. 
Amino Acid Uptake 
The uptake of amino acid substrate by isolated gill tissue was evalu­
ated by monitoring the disappearance of i^t-amino acid from the incubation 
medium in the presence of the tissues. Slices (25 mg) of gill tissue were 
incubated in 2 ml 12^/00 ASW or 32°/OO ASW with or without 1 mM aminooxy-
acétic acid and radioactive amino acid in a shaker bath (50 strokes/min). 
At appropriate time intervals, 10 ul aliquots of the incubation medium 
were removed and counted in Handifluor (5 mis) as described above. The 
disappearance of radioactive label from the medium was equated with uptake 
of 14^-amino acid by the gill tissue. 
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Incorporation of ^'^C-Labeled Amino Acids and Glucose 
into Metabolites in Isolated Gill Tissue 
The incorporation of radioac1:ivity from ^'*C-labeled precursors into 
amino acids and other nitrogenous compounds was measured as follows. 
Pieces of gill tissue from 12°/oo ASW adapted M. demissus were incubated 
in 2 mis 12°/oo or 32°/oo ASW in a shaking bath (50 strokes/min) at Z5°C 
in the presence of the appropriate radioactive precursor and inhibitor. 
After 6 hours, or other appropriate time interval, each tissue sample 
was immediately removed and immediately homogenized in 3.0 ml ice cold 
0.2N HCIO4. After centrifugation for 10 min at 10,000 x g (4°C), the 
supernatants were neutralized with KOH and the KCIO^ removed by centrifu­
gation. The supernatant was combined with the appropriate rinses of the 
pellet and applied to a 1 x 4 cm Dowex (50 x 8-100) cation exchange column. 
After rinsing the column with 20 ml water (organic fraction), the amino 
acid fraction was eluted with 10 ml of 2N NH^OH, then a 10 ml water rinse. 
The combined 20 ml eluant (amino acid fraction) was evaporated on a rotary 
evaporator and redissolved in 0.5 ml water. 
Separation and identification of the labeled amino acids was effected 
by two dimensional thin-layer chromatography. Ten ul of each sample was 
spotted on a 20 x 20 cm TLC plate (0.25 mm thick silica gel 60 F-254, 
E. Merck Laboratories, Inc.) and chromatographed in the appropriate sol­
vent system. Three different two dimensional solvent systems were used in 
the course of this study: Solvent system #1) butanol: glacial acetic 
acid:water, 80:20:20 v/v/v (IV) and phenol :water, 75:25 w/w (V); Solvent 
system #2) chloroform:methanol :17% ammonia water, 2:2:1 v/v/v (I) and 
phenol:15% aqueous formic acid, 3:1 v/v (II); and Solvent system #3) pro-
panol:water, 70:30 v/v-(III) and phenol:15% aqueous formic acid, 3:1 v/v 
(II). In each case, the phenolic solvent was always the second dimension. 
The separation and identification of the amino acids was always confirmed 
by chromatography of the sample in a second solvent system. Solvent sys­
tem #3 was used exclusively to separate glutamic acid from alanopine 
(Figure 19, Appendix). Representative separations with solvent systems #1 
and #2 are shown in Appendix Figures 17 and 13, respectively. 
Two different one-dimensional chromatography systems were used in the 
separation and identification of phosphoarginine. The first was ascending 
paper chromatography on Whatmann 3MM paper in butanol :formic acid:water 
(75:15:10, v/v/v). The second was thin layer chromatography on silica 
gel with solvent I as described above. Visualization of phosphoarginine 
was effected with both ninhydrin and Sakaguchi reagents (Stahl, 1965) in 
conjunction with autoradiography. 
P-2-C and P-5-C were separated from proline on one-dimensional silica 
gel plates with phenol :water (solvent V). This solvent did not resolve 
P-2-C from P-5-C, however. 
Autoradiography of the TLC plates with Kodak no-screen X-ray film 
(SB-5) allowed the localization of each labeled amino acid. Silica gel 
containing the amino acid was scraped into a liquid scintillation vial 
containing 1 ml water. The capped vials were incubated for 2 hours at 
60°C with vigorous shaking to elute the amino acid from the silica gel. 
Varying levels of endogenous cold amino acid had no significant effect on 
extraction efficiencies (Figure20, Appendix). The radioactivity in each 
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sample was determined by adding 10 ml of scintillation flufd (Handifluor) 
and counting as described above. 
The efficiency of amino acid extraction was determined for each 
separate experiment by following the recovery of labeled standards. Radio 
active amino acids (0.5 pCi each) were added to tissue samples in ice cold 
perchloric acid immediately prior to homogenization, and the radioactivity 
recovered from the appropriate spot on the TLC plate was used to calculate 
a percent recovery for each amino acid. 
The purity of each radioactive amino acid precursor was checked by 2-
dimensional TLC as described above (Solvent system #2). 
Statistical Analyses 
Statistical significance, where indicated, was determined by use of 
the student's t-test (Snedecor and Cochran, 1967). 
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. RESULTS 
Amino Acid Accumulation During Short Term Hyperosmotic Shock 
Pattern of accumulation with time, after transfer 
The accumulations of amino acids in isolated tissues of Modiolus 
demissus in response to hyperosmotic shock observed in this study were 
similar to those observed by Baginski and Pierce (1977). Figure 1 shows 
the time course of osmotic solute (amino acid) accumulation during the 
first 4 hrs of hyperosmotic adaptation in M. demissus gill tissue. The 
concentration of taurine, the major osmotic solute in mussels adapted to 
low salinity, did not change significantly during the initial stages of 
shock. The levels of taurine in the tissues incubated at low salinity 
were also constant. The total free amino acid pool size (minus taurine) 
increased rapidly during the first hour of hyperosmotic shock. After the 
first hour of shock, there was a slower, linear increase over the next 
several hours (Figure 1). The data of Baginski and Pierce (1977) indicate 
that, in whole animals, the increase in the free amino acid pool continues 
for several days. The initial accumulation of alanine was responsible for 
the majority of the increase in the free amino acid pool and its accumula­
tion closely paralleled the increase in the total free amino acid pool. 
Other amino acids of importance as osmotic solutes included aspartic acid, 
glycine, proline and 3-alanine. Although the concentration of aspartic 
acid was second only to taurine in gill tissue of low salinity adapted 
animals, its osmotic concentration per se decreased during the initial 
stages of shock (Figure 2). A number of investigators working with simi­
lar bivalve species reported similar decreases in the aspartic acid pool 
Figure 1. Time course of taurine and total intracellular free amino acid pool (less taurine) in­
creases in isolated gill tissue (50 mg) of w. demissus during hyperosmotic shock 
(12°/oo 32°/oo)- Each value is a mean ± S.E.M. of tissue samples from three 
(120/00 12°/oo) or five (12°/oo 32°/oo) animals 
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Figure 2. Time course of intracellular free alanine and aspartic acid concentration changes in iso­
lated gill tissue (50 mg) of M. demissus during hyperosmotic shock. Points without error 
bars have standard errors less than the size of the point. Each value is a mean ± S.E.M. 
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size during hyperosmotic shock (Allen, 1961; Dupaul and Webb, 1970 and 
1971; Baginski and Pierce, 1977). The time course data presented here 
indicate that aspartic acid levels increased during 4 hrs of incubation at 
low salinity. 
Glycine accumulated at a slow but linear rate during the first 4 hrs 
of hyperosmotic shock (Figure 3). In low salinity controls, glycine levels 
decreased at a similar linear rate suggesting that glycine accumulation 
during hyperosmotic shock may depend in large part on a decrease in glycine 
catabolism as opposed to increased de novo synthesis. Both proline and 
B-alanine, present at levels less than 1 ymole/gm dry weight in low salini­
ty controls, accumulated during hyperosmotic shock (Figure 4, Tables 1 and 
2). The rates of accumulation of both proline and 6-alanine were greatest 
during the first hour of shock, tapering off to slower, linear rates there­
after. The branched chain amino acids valine, leucine and isoleucine 
showed marked increases during hyperosmotic shock (Figure 5). Glutamic 
acid levels did not change over the time course of the experiment (Table 
2 ) .  
Effects of metabolic inhibitors on the pattern of amino acid accumula­
tion 
From the data, presented above, we can conclude that a number of dif­
ferent metabolic pathways are actively involved in the accumulation of 
amino acids in isolated tissues of M. demissus during hyperosmotic shock. 
It is the purpose of these inhibitor studies to provide evidence indicat­
ing the specific pathways involved in the accumulation of alanine and pro­
line in the tissues of this mussel when subjected to a hyperosmotic 
Figure 3. Time course of intracellular free glycine accumulation in isolated gill tissue (50 mg) of 
M. demissus during hyperosmotic shock. Those points without error bars have standard 
errors less than the size of the point. Each value is a mean ± S.E.M. of tissue samples 
from three 12°/oo) or five (12°/oo 3Z°/qq) animals 
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Figure 4. Time course of intracellular free proline and g-alanine accumulation -in isolated gill 
tissue (50 mg) of M. demissus during hyperosmotic shock (12°/oo 32°/oo)- Each value 
is a mean ± S.E.M. of tissue samples from five animals. Within the time frame of the 
experiment, the concentrations of these amino acids at low salinity are extremely low 
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Table 1. Intracellular free amino acid concentrations in isolated ventricles of 12° /oo  artificial 
sea water (ASW) acclimated M. demissus exposed to 12° /oo  or 32° /oo  ASW for eight hours with 
and without 1 mM aminooxyacetate (AOA) or 1 mM L-cycloserine (L-CS). Each value is the 
mean of tissue samples from four different animals 
Inhibitor None AOA L-CS 
Salinity 12°/oo 32°/oo 12°/oo 32°/oo 12°/oo 32o/oo 
(Amino acid) ' f //ttn riv**» 1 #4» i iwmoies/gm ury wt./ 
Alanine 33.4± 7.1® 162.3±14.1 56.6± 5.5 72.8+ 8.1 42.1± 7.5 82.9±21.9 
Proline 0.4+ 0.4 33.6± 2.2 0 4.5+ 0.9 0.7± 0.7 4.4± 1.5 
Ornithine 15.3+ 4.9 14.7± 3.4 15.4± 1.5 63.6+ 6.3 10.8± 3.3 49.2± 5.2 
Arginine 10.0+ 1.3 8.7+ 0.2 8.0+ 3.6 10.9± 0.9 7.7± 2.0 12.1± 2.7 
Glutamate 48.4± 5.8 55.1± 6.5 49.6+ 4.2 69.7± 3.1 45.6± 7.2 46.4± 5,1 
Glutamine 0.5+ 0.1 1.1+ 0.8 0 4.8± 2.0 0 5.7± 1.3 
Aspartate 76.3±11.2 17.2± 3.1 33.7+ 4.8 32.8+ 3.8 42.7± 5.2 :24.6± 4.1 
Glycine 21.5± 5.1 54.3±12.1 46.8+ 4.3 41.9+ 3.4 47.4+11.4 34.6± 7.8 
e-alanine 4.4+ 2.0 40.4+ 4.0 4.6± 2.6 47.6± 2.0 4.2± 0.2 42.8+ 3.6 
Serine 5.1+ 2.3 7.0+ 0.8 4.0+ 0.7 6.9± 0.7 12.9+ 1.4 15.1+ 0.7 
Threonine 7.3+ 1.2 8.5± 1.1 5.7+ 1.3 8.4+ 0.8 5.3± 1.5 8.7± 0.5 
Taurine 120.7±13.9 101.1+ 6.6 104.3+10.3 106.2± 8.9 106.0+12.1 113.0+ 8.9 
Other 43.8±14.9 50.3±12.0 45.6± 6.0 52.8± 3.7 47.5± 6.4 46.2+ 2.5 
TOTAL 387.1+ 15.8 554.3+21.9 374.3+16.1 522.9±15.6 372.9+20.5 485.7±30.3 
%mole/gm dry weight (± S.E.M.). 
Table 2. Intracellular free amino acid concentrations in isolated gill tissue (50 tng) of 12°/oo 
ASW adapted M. demissus exposed to 12° /oo  ASW or 32° /oo  ASW for four hours with and with­
out aminooxyacetate (1 mM) or arsenite (1 mM). Each value represents the mean of tissue 
samples from at least five animals 
Inhibitor None Aminooxyacetate Arsenite 
Salinity 12°/oo 12°/oo 32o/oo 12°/oo 32°/oo 
Alanine 4.5±0.7® 127.5±12.2 21.4± 2.7 31.2± 2.3 25.0+ 9.9 75.2±13.0 
Pro!1 ne O.UO.l 12.1+ 0.9 0.8+ 0.2 6.8± 1.0 0.5± 0.5 16.0+ 1.2 
Ornithine 3.0+0.7 7.1+ 0.8 12.0± 1.1 34.5+ 1.5 10.3± 0.7 7.4+ 0.7 
Arginine 4.6+0.4 5.9± 0.5 5.7± 0.8 5.0+ 0.3 2.4± 0.9 1.6± 0.2 
Glutamate 13.2+1.5 13.8+ 1.1 3.9± 1.4 9.7+ 0.8 10.8± 3.0 29.9+ 4.2 
Aspartate 41.7±3.0 22.2± 1.4 24.1+ 2.6 27.8± 3.8 3.0+ 0.6 2.5+ 0.4 
Glycine 4.8±1.1 16.7+ 2.0 9.7± 1.4 16.2+ 2.8 7.7± 1.7 10.2+ 2.2 
p-alanine 0.8+0.1 17.4+ 0.8 3.4+ 0.1 19.5± 0.5 0.2± 0.1 19.7 + 1.6 
Serine 2.5±0.4 3.5± 0.4 5.1± 0.9 5.3± 0.5 2.3± 0.1 3.8+ 0.9 
Taurine 139.0±7.8 125.6± 9.9 103.8±10.7 124.9+11.7 114.1+16.0 121.5+ 7.7 
Other 40.8±6.9 41.8+ 8.2 55.1± 9.3 61.0+ 5.4 46.0± 4.1 38.2± 6.0 
TOTAL 255.0+8.0 393.6+20.0 245.0±13.8 341.9+ 7.7 222.3± 2.5 326.0+29.2 
TOTAL - taurine 116.0±4.5 268.0+11.9 141.2± 4.3 217.0± 7.2 108.2+20.6 204.5+ 9.8 
®ymoles/gm dry wt. ± S.E.M. 
Figure 5. Intracellular concentrations of branched-chain amino acids in isolated gill tissue of 
12°/oo ASW adapted M. demissus exposed to four hours of hyperosmotic shock. Each value 
is the mean (± S.E.M.) of tissue samples from four mussels 
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environment. In this section, we have attempted to evaluate the contribu­
tion of known biochemical mechanisms (e.g., transamination, glycolysis, 
and o-keto acid catabolism) through the use of specific metabolic inhibi­
tors. The rationale for the use of specific inhibitors rests on a number 
of pertinent observations. 1) The synthesis of most amino acids is a 
pyridoxal phosphate-dependent process, which can be inhibited by the 
aminotransferase inhibitors aminooxyacetate (Meijer et al., 1975) and L-
cycloserine (Wong et al., 1973). 2) A number of investigators (Dupaul and 
Webb, 1970; Baginski and Pierce, 1977; and Florkin and Schoffeniels, 1969) 
have reported decreases in aspartic acid levels during the initial phases 
of hyperosmotic shock. Two different inhibitors of aspartic acid metabo­
lism have been used in this study. Butylmalonate, reported to inhibit 
mitochondrial mal ate transport (Meijer and Tager, 1969), could be ex­
pected to inhibit alanine synthesis from aspartic acid if transport of 
malate into or out of the mitochondrial compartment was required. The 
second inhibitor, mercaptopicolinic acid, is a specific inhibitor of 
phosphoenolpyruvate carboxykinase, an important gluconeogenic enzyme 
(DiTullioet al., 1974). This enzyme is found in high levels in molluscs 
in accordance with its role in anaerobic metabolism (Chen and Awapara, 
1969). 3) In light of the support for glucose and/or glycogen as the 
source of the carbon skeleton of alanine (see above), three different 
inhibitors of glycolysis were utilized: a) iodoacetic acid, which in­
hibits the synthesis of pyruvate from glucose (Garber et al., 1976), 
b) o-chlorohydrin (3-chloropropane-l,2-diol), which inhibits both 3-phos-
Phoglyceraldehyde dehydrogenase and triose phosphate isomerase (Brown-
Woodman et al., 1978), and c) 2-deoxyglucose, which inhibits 
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phosphoglucose isomerase (Rezek and Kroeger, 1976). 4) Arsenite, an in­
hibitor of ct-keto acid dehydrogenases (Simpson and Hecker, 1979), was also 
selected in view of the pivotal role of pyruvate dehydrogenase in alanine 
catabolism and because of the proposed role of glutamate dehydrogenase 
in the fixation of free amino groups. 
Experiments to evaluate the effects of inhibitors on transaminase 
activities The amino acid generating schemes thought to be responsible 
for the accumulation of the specific amino acids which accumulate during 
hyperosmotic shock rely directly or indirectly on transamination reactions 
(Bishop, 1976). The activities of several aminotransferases in M. demissus 
heart tissue were measured. Glutamate-pyruvate aminotransferase (GPT), 
glutamate-oxaloacetate aminotransferase (GOT), alanine-glyoxalate amino­
transferase (A6T) and ornithine aminotransferase (OAT) had activities of 
2.0, 2.1, 0.12 and 0.10 units (ymoles/min)/gm heart tissue respectively. 
The activities of GPT and GOT were very similar to those reported for 
M. demissus by Hammen (1968) and others (see Campbell and Bishop, 1970). 
The activity of OAT was a half to a third of that found in tissues of the 
land snail otaia lactea (Campbell and Speeg, 1968). 
Prior to the use of the aminotransferase inhibitors aminooxyacetic 
acid (AOA) and L-cycloserine (L-CS) in metabolic studies, it was appro­
priate to determine the relative inhibitory actions of AOA and L-CS against 
the various aminotransferase activities (Figure 6). The concentration of 
the inhibitor required to inhibit 50% of the in vitro enzyme activity 
(I50) was determined by assaying the enzymes in the presence of increas­
ing amounts of the inhibitor. The I50 values for AGT, GPT, GOT, and OAT 
were 7.4 x lO-^M, 4.9 x lOT^M, 7.9 x lO'^M, and 3.2 x lO'^M with AOA, 
36 
2 60 
MOLARITY OF INHIBITOR (10"^) 
Figure 6. Inhibition of aminotransferases of Modiolus demissus by amino-
oxyacetate (AOA) and L-cycloserine (L-CS). The inhibitor con­
centrations were ImM. Assays were performed as described in 
the text (AGT = alanine - glyoxylate aminotransferase; GOT = 
glutamate - oxaloacetate aminotransferase; GPT = glutamate -
pyruvate aminotransferase; OAT = ornithine aminotransferase). 
Each point represents the average of two determinations 
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respectively, and 1.7 x 10"®M, 6.2 x lO'^M, 5.5 x ICr^M, and 1.4 x 10"'+M 
with L-CS, respectively. The sensitivities of the aminotransferase activ­
ities to AOA and L-CS in this tissue were about the same as the sensi­
tivities reported for A6T, GPT, and GOT from rat liver (Rofe and Edwards, 
1978). Although inhibition of OAT by AOA and L-CS has not been studied 
in detail, the degree of inhibition reported here was similar to that re­
ported for pig kidney OAT by Jenkins and Tsai (1970). 
Experiments to calculate interference with physiological func­
tions The functional integrity of the ventricle was not affected by 
the presence of AOA or L-CS as determined by O2 uptake and contractility 
measurements. Gradual recovery of contractile activity following hyper­
osmotic shock was not significantly affected by the presence of 1 mM AOA 
or 1 mM L-CS (Table 3). After eight hours of high salinity adaptation, 
hearts in media lacking the inhibitor had recovered an average of 96% of 
their original activity (measured as beats/min). This recovery of heart 
beat after transfer agreed with similar experiments by Pierce and Green-
berg (1973). Those ventricles suspended with AOA or L-CS recovered 87.1% 
and 95.9% of their original activities, respectively. Oxygen uptake by 
hearts during high salinity adaptation (Figure 7) was not altered by 
1 wM AOA or 1 mM L-CS. The oxygen uptake values reported here were simi­
lar to those reported by Baginski and Pierce (1975). 
Experiments to examine interference with uptake of amino acids 
A number of investigators have reported inhibition of amino acid uptake 
in isolated rat brain tissue by both AOA and L-CS (Snodgrass and Iversen, 
1973; Johnston and Balcar, 1974). AOA (1 mM) did not appear to affect 
alanine uptake by gill tissue at either low or high salinity (Figure 8). 
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Table 3. Effects of aminooxyacetate (AOA) and L-cycloserine CL-CS) on the 
heart rate of isolated M. demissus hearts. Ventricles were iso­
lated from mussels acclimated to 12°/oo ASW and allowed to 
equilibrate at room temperature for a minimum of 30 minutes in 
12°/oo ASW to stabilize the heart beat. The hearts were then 
transferred to 32°/oo ASW containing 1 mM inhibitor. Each value 
is an average of three hearts (± S.E.M.) 
Treatment Ifter°8^hours a1*32^/oI* 
120/00 ^ 330/00 96.0 ±12.2% 
12°/oo 320/00 + AOA 87.1 ± 5.1%* 
12°/oo ^ 320/00 + L-CS 95.9 ± 10.5% 
p > 0.5. 
These results were in agreement with those of Tischler and Goldberg (1980) 
who found no inhibition of amino acid uptake by 5 mM L-CS. Interestingly, 
alanine uptake by isolated gill tissue of M. demissus, transferred to 
hyperosmotic media, was inhibited during the initial stages of hyperos­
motic shock. After 30 minutes of incubation, however, the vast majority 
of the radioactive alanine had been taken up from the medium in both the 
controls at low salinity and those samples subjected to hyperosmotic 
shock. 
Effects of metabolic inhibitors on amino acid accumulation 
A number of metabolic inhibitors were used to evaluate the metabolic path­
ways involved in the accumulation of amino acids in tissues of M. demissus 
subjected to hyperosmotic shock for four (gill) or eight (heart) hours. 
The aminotransferase inhibitor AOA (1 mM), reduced the total free amino 
acid pool size of heart and gill tissues subjected to hyperosmotic stress 
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Figure 7. Oxygen uptake by isolated Modiolus demissus ventricles as af­
fected by the aminotransferase inhibitors aminooxyacetate and 
L-cycloserine. Ventricles from mussels adapted to 12 ° /oo  ASW 
were exposed to 32% ASW (o-o-a) and 32°/oo ASW with ImM AGA 
(o-o-o) and ImM L-CS (a-A-a). All experiments were done 
at 20 C. Each line represents the average of 6 samples 
Figure 8. Uptake of ^'•C-U-alanine by isolated gill tissue (30 mg) of 12o/Q Q  ASW adapted M. demissus 
at low (12°/oo) and high (32°/oo) salinity with and without the aminotransferase inhibitor 
aminooxyacetate (AOA) at a final concentration of 1 mM 
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by 6% and 13% respectively (Tables 1 and 2). L-CS (1 mM) reduced the 
total free amino acid pool size of heart tissue subjected to hyperosmotic 
stress by 12% (Table 1). The actual increase in the free amino acid pool 
was decreased by 11% (heart) and 30% (gill) in the presence of AOA and by 
33% in the presence of L-CS (heart). In contrast, AOA inhibited the 
stress-induced accumulation of the major osmotic effector alanine by 87.4% 
in the heart and 92% in the gill. L-CS inhibition of alanine accumula­
tion in the heart was 68.3%. The high degree of inhibition of alanine 
accumulation by aminotransferase inhibitors, indicates that most alanine 
synthesis is a pyridoxal phosphate (i.e., transaminase)-dependent process 
and probably does not involve direct amination of pyruvate (e.g., alanine 
dehydrogenase). AOA inhibited stress-induced proline accumulation in 
heart and gill tissues by 86.4% and 50%, respectively. L-CS inhibited pro­
line accumulation in heart tissue by 88.9%. 
The increases in the total free amino acid pools of heart and gill 
tissues in the presence of AOA and L-CS, in face of the inhibition of 
alanine and proline accumulation, suggest that other amino acids which 
may be precursors of proline and alanine, accumulate during shock in the 
presence of the aminotransferase inhibitors. In heart tissue for example, 
the ornithine level reached 63.6 umoles/g dry weight (Table 1). The 
buildup of ornithine upon inhibition of the catabolic step catalyzed by 
ornithine aminotransferase suggests that increased flux through ornithine 
is an important part of the cellular response to hyperosmotic stress. 
AOA and L-CS had slight inhibitory effects on glycine accumulation 
in heart tissue while AOA had no effect on glycine accumulation in iso­
lated gill tissue. This lack of inhibition suggests that during 
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hyperosmotic shock, reduction in rate of a pyridoxal phosphate-independent 
catabolic pathway may be more important for glycine accumulation than, de 
novo glycine synthesis. Similarly, the total lack of effect of AOA and 
L-CS on g-alanine accumulation indicates that the metabolism of g-alanine 
is not transaminase linked. Both AOA and L-CS appeared to only slightly 
inhibit the decrease in aspartic acid concentrations in heart and gill 
tissues during hyperosmotic shock. The levels of aspartic acid found in 
the presence of AOA and L-CS may reflect inhibition of aspartic acid syn­
thesis at low salinity concomitant with inhibition of aspartic acid catab-
olism at high salinity. 
Glutamic acid levels were quite variable in tissues subjected to high 
salinity shock in the presence of AOA and L-CS. Although glutamic acid 
did not accumulate as an osmotic effector during shock, its role as an 
intermediate in the metabolic response of the tissue to hyperosmotic 
shock may be very important. The fact that glutamic acid did not accumu­
late in the presence of AOA or L-CS suggests that, in addition to the 
transaminase dependent pathway, glutamic acid catabolism via glutamate 
dehydrogenase (Reiss et al., 1977) may be normally active at both low and 
high salinity. Interestingly, both AOA and L-CS inhibition resulted in 
the accumulation of small amounts (<5 #moles/gm dry weight) of glutamine 
in isolated heart tissue during shock. The levels of other amino acids 
such as arginine, serine and taurine were not significantly affected by 
either hyperosmotic shock or aminotransferase inhibition. 
AOA was more effective than L-CS in inhibition of alanine synthesis 
during hyperosmotic shock. These differences may be attributed to the 
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lower I so's for the aminotransferase activities with AOA compared to L-CS 
(Figure 6) and the low mitochondrial permeability of L-CS compared to AOA 
(Meijer et al., 1975, 1973). 
Arsenite (1 mM), an inhibitor of a-keto acid dehydrogenases, inhi­
bited the accumulation of alanine in isolated gill tissue subjected to 
hyperosmotic shock by 37% (Table 2), One might predict that arsenite 
inhibition of pyruvate dehydrogenase should prevent the catabol ism of 
alanine, thereby causing an accumulation of the amino acid. However, 
arsenite may also inhibit TCA cycle function and cause a decline in pyru­
vate synthesis from other amino acid catabolites. On the other hand, the 
addition of arsenite during hyperosmotic shock increased the accumulation 
of proline (Table 2) and resulted in a 3-fold increase in the level of 
glutamic acid, suggesting substantial catabolism of proline and other 
precursors of glutamate during hyperosmotic shock. 
Addition of arsenite resulted in large decreases in the aspartic 
acid pool at both low and high salinity (Table 2). Inhibition with arsen­
ite may result in the conversion of aspartic acid to succinic acid, since 
arsenite would produce an anaerobic-like metabolic state. Observations 
of such inhibitor-induced anaerobic states have been made in insects and 
molluscs by Meyer (1978) and Jamieson and Rome (1979), respectively. Pre­
liminary studies (Table 4) with butylmalonate (5 mM), an inhibitor of the 
mitochondrial malic acid shuttle, did not result in changes in either the 
alanine or aspartic acid concentrations in M. demissus gill tissue during 
hyperosmotic shock. Mercaptopicolinic acid (1 mM), an inhibitor of phos-
phoenolpyruvate carboxykinase, inhibited the shock-induced decrease in the 
aspartic acid pool by 30% (Table 4). 
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Table 4. Intracellular concentrations of free amino acids in isolated 
gill tissue (50 mg) of M. demissus exposed to 12°/oo ASW and 
32°/oo ASW with butyl malonate, an inhibitor of the mitochon­
drial malate-aspartate transport system, and mercaptopicolinic 
acid, an inhibitor of phosphoenolpyruvate carboxykinase. Each 
value represents the mean of four separate determinations and is 
expressed as ymoles/gm dry weight ± S.E.M. 
ofTncutatton Alanine Aspartate Glutamate 
No Inhibitor 
120/00 4.4+ 0.3 33.5±2.3 8.4±0.4 
327oo 129.8+ 3.8 19.4+1.2 15.6+1.4 
Butylmalonate (5 mM) 
120/00 2.9+ 0.6 28.5±3.8 5.7+1.8 
320/00 120.0+12.4 19.0+1.7 14.8+1.6 
Mercaptopicolinate (1 mM) 
12°/oo 3.4+ 0.6 33.9+2.9 6.2+0.7 
320/00 107.5±13.7 23.7±1.7 14.4+0.5 
In order to evaluate the possible role of glycolysis in the produc­
tion of amino acids during hyperosmotic shock, several different inhibi­
tors of glycolysis were used (Table 5). lodoacetic acid (lAA), at a final 
concentration of 0.5 mM, a-chlorohydrin (2 mM), and 2-deoxyglucose (1 mM) 
inhibited alanine accumulation in isolated gill tissue by 32%, 15%, and 
21%, respectively. The inhibitory effect of lAA relative to that of 
2-deoxyglucose, was very similar to that observed by Jamieson and Rome 
(1979) in studies with the bivalve mollusc Tapes watungi. The surprising­
ly small inhibitory effects of the glycolytic inhibitors suggests that 
alanine synthesis may take place via pathways other than the transamina­
tion of glucose-derived pyruvate. As with arsenite inhibition, lAA 
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Table 5. Intracellular concentrations of selected amino acids in iso­
lated gill tissue (50 mg) of 12°/oo ASM adapted M. demissus ex­
posed to 12°/00 ASW or 3Z°/oo ASW with or without inhibitors of 
glycolysis. Each value represents the mean (± S.E.M.) of four 
separate determinations. Values are expressed as ymoles/gm dry 
weight 
oi^'inoib^on Alanine Aspartate Glutamate Glycine 
No inhibitor 
120/00 4.7± 0.5 39.9±3.8 10.6±1.0 3.4+1.0 
32°/oo 124.5+13.5 25.5+2.2 18.8±1.8 15.0+4.9 
lodoacetate (0.4 mM)* 
120/00 23.1+ 2.1 11.2+1.7 8.0±1.1 5.8+1.3 
320/00 86.2+ 3.3 8.7+0.7 16.0±0.3 16.8+3.9 
2-deoxyglucose (1 mM) 
120/00 2.6± 0.4 31.8±3.1 6.2±1.0 1.7±0.2 
320/00 99.9+14.1 29.4±2.9 14.2±2.1 15.1+0.5 
a-chlorohydrin (2 mM) 
120/00 5.6+ 2.3 36.5±4.1 11.8±1.9 3.6+0.9 
320/00 106.0± 1.8 28.6+1.0 10.7+0.6 15.5+3.1 
^Tissue samples preincubated with 0.5 mM iodoacetate in 12°/oo ASW 
for 15 minutes prior to transfer to 32°/oo ASW + lAA. 
inhibition indirectly affected aspartic acid metabolism, ct-chlorohydrin 
and 2-deoxyglucose had much smaller effects on aspartic acid levels. 
i^C-Tracer Experiments to Evaluate Probable 
Origins and Fates of Alanine and Proline 
The patterns of amino acid accumulation in the presence of metabolic 
inhibitors suggest that a variety of compounds including ornithine, pro­
line, glutamic acid, aspartic acid, glucose and protein may be precursors 
and/or intermediates in the pathways responsible for the accumulation of 
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alanine and proline in isolated gill tissue of M. demissus during shock. 
The experiments detailed in this section involve the use of specifically 
labeled radioactive tracers thought to function as precursors, intermedi­
ates or end products of the metabolic pathways involved in the initial 
stages of high salinity adaptation. Initially, we determined whether or 
not the metabolic flux of the various precursors/intermediates changed 
with shock. This was of particular interest because of the belief that 
amino acid accumulation during shock may be primarily due to an inhibition 
of amino acid catabolism (reviewed by Gilles, 1979), The use of radio­
active tracers has allowed us to follow the fates of these putative pre­
cursors, intermediates and end products, and to evaluate their role in the 
accumulation of alanine and proline during hyperosmotic shock. 
production from ^'^C-labeled amino acids 
The experiments carried out here were designed to evaluate changes 
in the oxidation rates of specific amino acids by isolated gill tissue of 
M. demissus at low salinity and during hyperosmotic shock. These studies 
are of importance because of suggestions by King et al. (1980) and Gilles 
(1969, 1972) that amino acid accumulation is related to rates of amino 
acid oxidation. Specific inhibitors of amino acid metabolism were studied 
in an attempt to identify specific steps in the catabolic pathways in-
volved. 
Figure 9 shows the rates of production from I'^C-alanine during 
the first 4 hrs of hyperosmotic shock. production from I'+C-alanine 
was linear over the first 4 hrs in tissues incubated at both low and high 
salinity. Inhibition of production during shock was immediate and 
Figure 9. Oxidation of ^'•C-U-alanine (0.5pCi) by isolated gill tissue (40 mg) af 12° / o o  ASW adapted 
M. demissus during hyperosmotic shock. Each value is the mean (± S.E.M.) of tissue samples 
from three mussels. Points without error bars have standard errors less than the size of 
the point 
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was maintained over the time course of the experiment. During shock, the 
large additions of newly synthesized alanine to the pool must dilute the 
added I'^C-alanine tracer, leading to a decrease in the rate at which the 
radiolabel itself is oxidized. Consequently, the rate of production 
at high salinity underestimates the actual rate of COg production from 
alanine. Levels of production at both low and high salinity from a 
variety of uniformly labeled amino acids are listed in Table 6. When 
changes in pool sizes which result in isotope dilution (Figures 1-5, 
Table 2) are taken into consideration, interpretation of this data leads 
to the following conclusions: 1) CO2 production, by isolated gill tissue 
of M. demissus from aspartic acid, alanine, glycine, arginine and taurine 
is inhibited during hyperosmotic shock; 2) COg production from glutamic 
acid, proline, ornithine and leucine is not significantly reduced during 
shock. 
14CO2 production from glutamic acid, proline and leucine was in^; 
creased in the presence of the aminotransferase inhibitors. The carbon 
skeletons of glutamic acid and proline, after conversion to glutamic 
acid, may be metabolized via glutamate dehydrogenase (GDH) when glutamate-
pyruvate dehydrogenase is inhibited by the aminotransferase inhibitors. 
Schoolwerth et al. (1980) have recently shown that AOA indirectly stimu­
lates glutamic acid metabolism via GDH in preparations of isolated kidney 
mitochondria. Continued oxidation of leucine in the presence of AOA and 
L-CS may have resulted from the oxidation of leucine by L-amino acid 
oxidase. Leucine was one of the more active substrates of this enzyme 
prepared from m. demissus gill tissue (Burcham et al., 1980). 
Table 6. Amino acid oxidation in isolated gill tissue (40 mg) of m, demissus during hyperosmotic 
adaptation. Tissue was incubated with 0.5 uCi of ^'•C-substrate and inhibitor (1 mM) in 
ASW for four hours at 23°C. ^'*C02 was collected and counted as described in the text. 
Values are the means of 6-9 separate determinations and are expressed as DPM/50 mg wet wt 
1 mM AOA 1 mM L-CS —1 mM Arsenite— 
120/00 320/00 12°/oo 320/00 120/00 320/00 120/00 320/00 
^ **0-11-61 utama te 686,903 
±32,773 
515,454 
±51,446 
809,350 
±74,568 
539,375 
±54,969 
847,803 
±58,766 
690,304 
±62,885 
214,647 
±29,720 
61.663 
+7,582 
i^C-U-Aspartate 630,079 
±48,785 
292,787 
±38,156 
183,891 
±7.772 
341,270 
±769 
225,135 
±4,986 
204,172 
±3,880 
350,190 
±9,443 
274,085 
±1,546 
i^C-U-Leucine 377,532 
±37,726 
260,923 
±14,115 
421,595 
±77,486 
326,554 
±83,921 
466,451 
±59,677 
494,376 
±54,264 
56,559 
±14,590 
23,609 
±6,849 
i^c-U-Alanine 586,251 
±20,000 
32,503 
±3,748 
45,004 
±2,488 
40,107 
±4,906 
46,252 
±7,510 
16,248 
±2,516 
16,167 
±2,471 
4,984 
±2,124 
i^c-U-Glycine 656,253 
±21,247 
17,508 
±3,230 
43,759 
±3,743 
7.468 
±2,005 
1,875 
±247 
125 
±125 
113,750 
±21,245 
2,466 
±374 
i^C-U-Proline 219,930 
±17,876 
44,592 
±5,841 
331,568 
±31,300 
66,449 
±18,646 
111,047 
±14,440 
71,928 
±15,386 
84,908 
±6,036 
5,167 
±938 
i^c-U-Ornithine 249,454 
±24,775 
223,650 
±21.191 
6,489 
±1,358 
15,489 
±1,921 
1,652 
±330 
1,776 
±151 
98,217 
±9,475 
24,544 
±3,580 
i^C-U-Arginine 44,730 
±5,679 
20,164 
±7,100 
13,698 
±3,187 
9,079 
±445 
12,056 
±2,836 
5,699 
±1,090 
33,206 
±4,572 
4,554 
±916 
i^C-U-Taurine 2,196 
±293 
257 
±50 
365 
±72 
193 
±64 
239 
±47 
84 
±43 
256 
±45 
0 
At high salinity, AOA and L-CS inhibited production from i4c-
labeled alanine, glycine, ornithine, taurine and proline. The existence 
of a large isotope dilution of the proline radiolabel may have been re­
sponsible for the low levels of produced from i^C-proline at high 
salinity in the presence of AOA and L-CS. As at low salinity, 
production from glutamic acid and leucine was increased in the presence of 
AOA and L-CS. production from ^'^C-aspartic acid during shock was 
inhibited by 30% by L-CS. AOA did not inhibit the production of i^COg 
from i4c_aspartic acid during hyperosmotic shock. The addition of 1 mM 
arsenite to the incubation media resulted in inhibition of i^COg produc­
tion from all of the I'^C-labeled amino acids, except aspartic acid, at 
both low and high salinity (Table 6). 
Glucose utilization and ^*+002 production from I'+C-glucose 
Since glucose has been suggested as the major precursor of the alanine 
carbon skeleton during hyperosmotic shock in tissues of m. demissus 
(Baginski and Pierce, 1978), it was of particular interest to examine 
the metabolism of glucose in isolated gill tissue of m. demissus at both 
low and high salinity. We have measured both glucose utilization (i.e., 
the flux of glucose through glycolysis) and the conversion of specifically 
labeled I'+C-glucose to in order to evaluate the major pathways of 
glucose metabolism, in this mussel during shock. 
Glucose utilization The conversion of one molecule of ^H-5-
glucose to pyruvate via glycolysis produces one molecule of ^HOH. The re­
lease of the tritiated water molecule occurs during the formation of 
phosphoenolpyruvate by enolase. This stoichiometric relationship allows 
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one to calculate the flux of glucose through glycolysis under different 
experimental conditions by measuring the rate of 3H0H release. This tech­
nique has been used here to compare the rate of glucose utilization by 
gill tissue at low salinity and during hyperosmotic shock (Table 7). In 
low salinity control preparations, approximately 1.6 pmoles of ^HOH were 
released/100 mg/4 hrs incubation. This rate can be converted to 80 pmoles 
of glucose utilized/gm dry weight/4 hrs (dry weight = 20% of wet weight). 
This level of glucose utilization was reduced to 62.5 umoles glucose/gm 
dry weight/4 hrs during hyperosmotic shock. These levels of glucose utili­
zation were similar to those reported by Zaba and Davies (1979) for 
Mytiias edulis mantle tissue. 
During hyperosmotic shock, some of the glucose carbon skeleton may 
end up as alanine (Baginski and Pierce, 1978). An indirect indication of 
the synthesis of alanine and other products from glucose was the presence 
of a high level of ^^t02 production from ^^t-l-glucose relative to the 
level of production from i'+C-6-glucose (Katz and Wood, 1960). This 
Ci/Cg ratio has been measured at both low salinity and during hyperosmotic 
shock (Table 7). The large increase in the Ci/Cg ratio during shock (1.48 
-*• 6.21) supported the suggestion that a larger fraction of the glucose-
derived metabolites are not degraded to CO2 during shock. C1/C5 ratios 
in gill tissue of MytUus eàuiis (4.09) and in hepatopancreas tissue from 
Haiiotus rufescens (1.43) have been reported by Bennett and Nakada (1968). 
Utilization of the data from ^'^C-l-glucose and i'+C-6-glucose in con­
junction with the glucose utilization (^HOH) data also allow one to calcu­
late the rates of metabolism of glucose by an alternate route, the pentose 
monophosphate shunt (Ashcroft et al., 1972). The activity of the shunt 
54 
Table 7. Glucose utilization and pentose monophosphate shunt activity in 
isolated gill tissue of m. demîssus during hyperosmotic shock. 
Slices (40 mg) of gill tissue were incubated for 4 hrs at 25°C 
in 2 mis of 12°/oo or 32°/QO ASW containing ^H-S-glucose (_0.3 
wCi), ^"^C-l-glucose (0.5 viCi), or ^'•C-6-glucose (0.5 uCt) at a 
final glucose concentration of 1 mM. Incubations were termi­
nated by the addition of 2N HCIO4 and ^*+0-002 was collected in 
hyamine hydroxide in plastic cups suspended inside the flasks. 
Levels of ^HOH were determined by allowing a 400 ul aliquot of 
neutralized medium to evaporate from filter paper suspended in­
side a liquid scintillation vial containing CaCl2. The CaCl2 
was dissolved in water and mixed with Handifluor prior to liquid 
scintillation counting. Values are means (± S.E.M.) of tissue 
samples from six mussels. Each ^HOH molecule released from 
3H-5-glucose represents the metabolism of one glucose molecule 
via glycolysis 
Incubation salinity 
120/00 + 12°/oo 120/00 + 320/00 
3H0H (ymoles/100 mg/4 hrs) 1.62+0.11 1.25+0.13 
i4^-l-glucose-i4c02 (nmoles/100 mg/4 hrs) 82.8±6.7 66.1+2.9 
i4c-6-glucose-i4c02 (nmoles/100 mg/4 hrs) 60.2±8.3 11.7±1.5 
Ci/Cg ratio 1.48+0.15 6.21+0.76 
Pentose monophosphate shunt activity 10.5+2.1 18.9±1.2 
(nmoles/100 .mg/4 hrs) 
Pentose phosphate shunt activity 0.6% 1.6% 
{% total glucose utilization) 
(Table 7 ) ,  although more than doubled during shock, appeared to constitute 
a very small percentage of the glucose utilized by this tissue. The ab­
solute levels of shunt activity in m. demissus gill tissue were very 
similar to those reported for Mytiias eduiis by Zaba and Davies (1979). 
The amount of produced from ^"^C-ô-glucose decreased markedly 
during shock. This decrease was confirmed in separate experiments in 
which production from both ^'•C-ô-glucose and ^'•C-3-pyruvate was 
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measured at low salinity and during hyperosmotic shock. When subjected to 
hyperosmotic shock, production from both ^'^C-ô-glucose and i^t-3-
pyruvate decreased by 93% (Figure 10). The decrease of production 
from these two specifically labeled compounds is in agreement with the 
synthesis of metabolites (e.g., alanine) from glucose which may be oxi­
dized at low rates during hyperosmotic shock. 
Effects of metabolic inhibitors on ^*^€02 production from ^'*C-U-
qlucose Arsenite inhibited ^*^002 production from ^'^C-U-glucose at both 
low (70%) and high (53%) salinity (Figure 11). At low salinity, the amino­
transferase inhibitors ADA and L-CS increased production from I'+C-U-
glucose by 121% and 125% respectively. This indicates that, in the pres­
ence of aminotransferase inhibitors, the carbon skeletons of glucose-de­
rived metabolites are directed towards catabolic pathways which lead to 
CO2 production. During hyperosmotic shock, ADA and L-CS increased 
production from i^C-U-glucose by 243% and 391%, respectively. Such high 
levels of 14CO2 production during hyperosmotic shock seem paradoxical in 
light of shock-induced regulatory mechanisms which appear to inhibit CO2 
production from alanine, aspartic acid, glycine and taurine (Table 6) and 
glucose (Figure 11). 
Measurements of production from ^'^C-labeled amino acids and 
glucose suggest that several adjustments in the metabolism of isolated 
gill tissue from m. demissus take place in the accumulation of amino acids 
during hyperosmotic shock. In the following section, ^"^C-labeled amino 
acids and glucose have been used to follow the actual synthesis of 
Figure 10. Effects of hyperosmotic shock on the oxidation of ^**0-6-9!ucose (0.5 pCi) and i^t-3-
pyruvate (0.5 pCi) by isolated gill tissue of 12°/oo ASW adapted m. demissus. Each 
value is the mean (± S.E.M.) of tissue samples from 10 and 14 mussels, respectively, 
and is expressed as DPM/50 mg tissue 
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intermediates and end products of the metabolic pathways responsible for 
the accumulation of alanine and proline during shock. 
Incorporation studies: Metabolic interconversions of amino acids and 
glucose using i^t-labeled compounds 
Metabolism of glutamate, ornithine and arqinine i^C-glutamic 
acid was not incorporated into proline at either low or high salinity 
(Table 8), confirming earlier observations by Baginski and Pierce (1978) 
and de Zwaan et al. (1975). At low salinity, low levels of radiolabel 
from i^c.gTutamic acid were found in alanine and the organic acid fraction 
while high levels of the radiolabel were found in aspartic acid. Incor­
poration of the radiolabel into other amino acids was not detected. Hyper­
osmotic shock resulted in a small increase in the amount of labeled as­
partic acid and a very large (60-fold) increase in ^'•C-alanine synthesis. 
ADA inhibited the incorporation of I'^C-glutamic acid radiolabel into aspar­
tic acid and alanine at both low and high salinity. Inhibition by AOA 
increased the level of radiolabel found in residual i^c-glutamic acid at 
high salinity, but not at low salinity (Table 8), indicating that gluta-
mate-pyruvate aminotransferase may have a role in the metabolic response 
of isolated gill tissue to hyperosmotic shock. Arsenite, at both low and 
high salinity, inhibited the conversion of -glutamate into alanine and 
aspartic acid while producing large accumulations of radiolabel in glutamic 
acid and the organic acid fraction. 
During hyperosmotic shock, incorporation of radiolabel from 
arginine and i^C-ornithine into proline increased 8-fold and 53-fold, 
respectively. When arsenite was present, incorporation of radiolabel from 
Table 8. Effects of the metabolic inhibitors aminooxyacetate (AOA), L-cycloserine (L-CS) and 
arsenite (ARS) at final concentrations of 1 mM, on the incorporation of ^''C-U-glutamate, 
i^C-U-ornithine and ^'•C-U-arginine (3.0 yCi each) into metabolic intermediates in iso­
lated gill tissue of 12o/oo ASW adapted m. demissus during six hours of hyperosmotic shock. 
Each value represents the mean (± S.E.M.) of tissue samples from three mussels except where 
noted. Details of the experimental procedures including amino acid separation (Solvent 
system #1) and recovery are described in the text 
Total DPM X lOr^mg fresh tissue 
Amino Organic 
Conditions of incubation Proline Ornithine Glutamate Aspartate Alanine acid acid 
fraction fraction 
l^C-U-giutamate 
120/ 0 0  (102.2±10.9 mg) 0.0+0. 0 0.0±0.0 0.8±0.0 7.8±1.4 0.2+0.1 10,5±1.2 2. 7+0.8 
320/ 0 0  (122.1±3.0 mg) 0.0±0. 0 0.0±0.0 2.3±0.1 11.0+1.3 12.1±0.7 24.5+3.7 1. 9±1.2 
12°/oo + AOA (77.1±4.6 mg) 0.0+0. 0 0.0+0.0 1.1+0.2 0.3+0.1 0.0+0.0. 2.3±0.3 3. 0+0.7 
320/00 + AOA (76.0+3.8 mg) 0.0+0. 0 0.0+0.0 9.7+4.1 4.1+0.6 2.5±0.7 17.6±2.2 7. 9±0.7 
12°/oo + ARS (80.8±1.5 mg) 0.0+0. 0 0.0±0.0 12.8±2.4 0.0+0.0 0.1+0.1 13.9+4.0 26. 6±3.7 
320/00 + ARS (83.5±6.0 mg) 0.0±0. 0 O.OiO.O 25.0±2.1 1.3±0.5 2.3±0.5 33.4±5.8 17. 3±2.9 
i^C-U-arginine 
12°/oo (97.5±12.4 mg) 0.1+0. 0 1.2±0.4 0.4+0.1 1.4±0.4 0.2±0.0 23.6+2.2 1. 5±0.4 
320/00 (115.9±4.3 mg) 0.8+0. 1 1.0+0.4 0.3±0.1 0.9±0.1 O.BiO.l 30.9±1.5 1. ,3±0.2 
12°/oo + AOA (89.3 mg)* 0.1 6.3 0.1 0.1 0.0 32.9 3. ,4 
32°/oo + AOA (117.4±26.4 mg) 0.2±0. 1 5.2±1.3 0.2+0.0 0.2+0.1 O.OiO.O 29.0±5.6 3. .5+0.8 
12°/oo + ARS (96.2 mg) 0.1 0.0 0.6 0.0 0.0 39.8 5. 9 
320/00 + ARD (108.8±7.5 mg) 3.1±0. ,9 1.3±0.1 4.7±1.5 0.3±0.1 0.3±0.1 45.9±7.1 6. .3+2.2 
i^C-U-ornithine 
12°/oo (126.6±15.0 mg) O.ltO.O 2.5±0.6 0.4±0. 1 3. 0±0.5 0.2±0.0 12.1±1. 0 1. ,0±0. 2 
32°/oo {103.2±0.5 mg) 5.3±0.8 1.9±0.7 1.5±0. 1 7. 4±0.9 7.5+0.9 27.2±3. 1 1. , 6+0. 6 
12°/oo + ARS (74.1 mg) 3.0 2.2 8.7 0. 0 0.1 19.5 15. .8 
32°/oo + ARS (102.6+20.9 mg) 7.5±0.9 0.8±0.1 17.8±4. 1 0. 1+ o
 
r
o
 
1.2+0.2 31.4±4. 0 20. , 3±5. 6 
12° / o o  + ADA (82.4 mg) 0.0 11.7 0.2 0. 0 0.0 35.9 0, .9 
12°/oo + AOA + ARS (82.8 mg) 0.5 7.1 0.6 0. ,0 0,0 41.7 1 .0 
^For those values without standard errors, n = 1. 
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these two precursors into glutamic acid and proline increased when the 
tissue was subjected to a hyperosmotic shock, but not at low salinity. 
The buildup of radiolabel in glutamic acid and proline suggest that, in 
the absence of arsenite, there is an active flux of ^'•C-ornithine and 
i^t-arginine label through proline and glutamic acid during hyperosmotic 
shock. Incorporation of the label from arginine and ornithine into 
alanine increased 4-fold and 37-fold respectively during shock. Incor­
poration of radiolabel from ^"^C-arginine and '•'•C-ornithine into alanine, 
aspartic acid, glutamic acid and proline was inhibited by AOA. With 
i^c-arginine and i^t-ornithine as tracers, large amounts of ^'•C-ornithine 
accumulated when AOA was added to the media. The accumulation of I'+C-
ornithine during hyperosmotic shock in the presence of AOA, presumably as 
a result of ornithine aminotransferase inhibition, supports the view that 
ornithine is an important precursor/intermediate during adaptation to 
high salinity. 
The conversion of ^'+C-arginine to ^'•C-ornithine is effected by the 
enzyme arginase, and results in the release of urea. Since arginine is 
converted to ornithine by isolated gill tissue of m. dendssus, at both 
low salinity and during hyperosmotic shock (Table 9), is was of interest 
to determine the fate of the urea produced. ^'^C-guanidino-arginine, which 
has only the single carbon atom of the guanidino group labeled with radio­
active carbon, should produce equimolar amounts of unlabeled ornithine and 
i^c-urea when added to gill tissue of m. dendssus. Detection of the I'+C-
urea was effected by measuring the release of i'^C-C02 from the ^'+C-urea 
upon the addition of commercial urease. Gill tissue from M. dendssus did 
not appear to contain any endogenous urease activity (Table 9) in 
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Table 9. Urea formation from ^'^C-guanidîno—arginine by m. demissus and 
A. crîstata gill tissue. The synthesis of urea in isolated gill 
tissue of M, demi:ssus was detected through, the action of exo­
genous urease on ^"^C-guanidino-arginine derived urea. Gill tis­
sue (50 mg) was incubated in 12o/oo or 32o/oo ASM with 0,5 uCi 
i^C-guanidino-arginine for 4 hours in a shaker bath at 23°C. 
14C-C02 was collected (see Materials and Methods) after termi­
nating the incubation by the addition of 0.5 ml 2N HC10i+. After 
removal of the CO2, the remaining tissue and media were homoge­
nized and then neutralized with KOH. The homogenates, each buf­
fered with 300 yl 2N tris (pH^7.5) were then placed in flasks to 
which 10 umoles cold urea and 20 units Jack Bean urease had been 
added. Each flask was then incubated for an additional hour 
after which ^*+0-002 was again collected. To ensure that 
produced from ^'•C-urea (i^c-guanidino-arginine) by endogenous 
urease could be detected, gill tissue from the lugworm Arenicoia 
cristata. Which has high levels of endogenous urease activity 
(Yamin et al., 1977), was treated in an identical manner. Each 
value is the mean (± S.E.M.) of multiple determinations (n) 
Total 10^ DPM released as i^^-COo 
— Before urease addition — —After urease addition — 
120/00 (n=8) 320/00 (n=3) 120/00 (n=2) 320/00 (n=2) 
M. demissus gill 0.1±0.0 0.1+0.0 283.4±10.i 114.3±25.6 
A. cristata gill 780.3+8.0 36.1+ 9.2 
accordance with a previous report by Hani on (1975). The data presented in 
Table 9 demonstrate the synthesis of ^'^C-urea from ^'^C-guanadino-arginine 
by isolated gill tissue from m. demissus. The apparent decrease in urea 
production during hyperosmotic shock suggests that arginine was utilized 
at a slower rate during shock. This observation is in agreement with the 
i^^02 evolution data in Table 6, which also indicated a slower rate of 
arginine oxidation during shock. 
During the course of these studies, several compounds of unknown 
identity were synthesized from ^'^C-labeled arginine and ornithine. 
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Phosphoarginine was identified as the primary product of i^C-arginine 
metabolism at both low and high salinities (Table 10). Its identity was 
confirmed through comparison of its R^'s to those of phosphoarginine stan­
dards in two different chromatographic systems (see Materials and Methods), 
its synthesis from ^'^C-guanidino-arginine, and by its hydrolysis in water 
(2 hrs at 60°C) to arginine as identified by 2-dimensional TLC (Solvent 
system #2). Arsenite completely inhibited ^'^C-phosphoarginine synthesis 
from I'^C-arginine giving rise to roughly similar amounts of unknown #5 
(Table 10, Fig. 12), which, through the use of ^'^^C-guanidino-arginine was 
also shown to contain the guanidino carbon of arginine. 
Table 10. Phosphoarginine synthesis during hyperosmotic shock. Slices of 
gill tissue from 12°/oo ASW adapted m. demissus were incubated 
with 3.0 yCi of i4c_u_arginine for 6 hours at either 12°/oo ASW 
or 32°/oo ASW with or without 1 mM AOA or L-CS. Each value 
represents the mean (± S.E.M.) of three separate determinations 
except where noted, and is expressed as DPM x 10~3/mg tissue 
Incubation conditions Phosphoarginine Unknown #5 
12 °/oo (97.5+12.4 mg) 15.3+1.2 0.0+0.0 
32 7oo (115.9±4.3 mg) 25.9±3.3 0.0+0.0 
12 °/oo + ADA (89.3 mg)* 9.9 0.0 
32 °/oo + AOA (108.8±7.5 mg) 19.3+1.9 0.0+0.0 
12 °/oo + arsenite (96.2 mg)* 0.6 28.7 
32 °/oo + arsenite (117.4±26.4 mg) 0.8+0.1 32.8+1.8 
=  1 .  
Another unidentified compound (unknown #1 in Figures 13 and 14) was 
synthesized from ^'^C-U-arginine, ^'*C-U-ornithine, and ^'^C-U-proline at 
low salinity, but not during hyperosmotic shock. Unknown #1 was not 
Figure 12. Separation of radioactive amino acids from the "amino acid 
fraction" obtained from t4. demissus gill tissue incubated in 
32° /oo  ASW in the presence of ^'•C-U-arginine and 1 mM arsenite. 
Separation was effected by TLC with solvent system #2 (see 
Figure 2, Appendix). Solvent front migration was approximately 
15 cm (o denotes the origin) 
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'"'C-U-ARGININE 
32°/oo+ARS 
Glu 
0 
Ala 
Pro 0 
Arg  0 o 
Or 
Figure 13. Separation of radioactive amino acids from the "amino acid 
fraction" obtained from m. demissus gill tissue incubated in 
12°/00 ASW in the presence of ^'^C-U-ornithine and AOA. Separa­
tion was effected by TLC with solvent system #2 (see Figure 2, 
Appendix). Solvent front migration was approximately 18 cm 
(e denotes the origin) 
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/"^C-U -ORNITHINE 
12*^/00 + A O A 
A 
2»"C( 3^ 
O r n  
O (f oO  ^
Figure 14. Separation of radioactive amino acids from tlie "amino acid 
fraction" obtained from m. demissus gill tissue incubated in 
12°/oo ASW in the presence of ^'^C-U-ornithine, 1 mM AOA and 
1 mM arsenite. Separation was effected by TLC with solvent 
system #2 (See Figure 2, Appendix). Solvent front migration 
was approximately 18 cm (@ denotes the origin) 
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synthesized from ^'^C-U-glutamic acid, ^'^C-l-ornithine, or ^'+C-guanidino-
arginine. AOA inhibited synthesis of unknown #1 from proline, but not 
from ornithine or arginine, indicating that the only pyridoxal phosphate-
dependent step in the metabolism of unknown #1 is the transamination of 
pyrroline-5-carboxylic acid to ornithine. Although unknown #1 migrates 
with spermidine (solvent II), an eventual product of ornithine decarboxy­
lation, its identity remains to be confirmed in light of the fact that 
ornithine decarboxylase itself is a pyridoxal-phosphate dependent enzyme 
(Tabor and Tabor, 1976). 
Proline metabol ism The data presented above suggest that dur­
ing hyperosmotic shock, proline is not an inert endproduct. For example, 
inhibition of a-keto acid dehydrogenase by arsenite during hyperosmotic 
shock resulted in a buildup of the intracellular proline pool (Table 2). 
Similarly, arsenite inhibition resulted in an accumulation of ^'•C-proline 
when I'^C-arginine or I'+C-ornithine were used as precursors (Table 8). In 
addition, production from I'+C-U-proline (Table 6), when corrected 
for isotope dilution, indicated that the rate of proline oxidation in­
creased during hyperosmotic shock. To determine the fate of proline at 
low salinity and during hyperosmotic shock, ^'^C-proline was incubated with 
M. demissus gill tissue in 12°/oo ASW and 32°/oo ASW media. AOA and 
arsenite were included in some of the experiments in an attempt to define 
specific enzymatic steps in the pathway(s) of proline catabolism. 
More I'^C-proline radiolabel was recovered from gill tissue incubated 
at high salinity than at low salinity (Table 11). This does not neces­
sarily mean, however, that proline catabolism proceeds at a slower rate 
during hyperosmotic shock. Since large amounts of proline accumulate 
Table 11. Effects of the metabolic inhibitors aminooxyacetate (AOA) and arsenite (ARS) at 1 mM con­
centrations on the incorporation of ^'•-C-U-proline (3.0 yCi) into metabolic intermediates 
in isolated gill tissue of 12o/oo ASW adapted M. demissus during six hours of hyperosmotic 
shock (12°/oo 32o/oo)- Each value represents the mean (± S.E.M.) of tissue samples from 
two mussels. Details of the experimental procedures including amino acid separation (Sol­
vent system #2) and recovery are described in the text 
Total 10' DPM/mg fresh tissue 
Organic Amino 
Treatment (wet weight) ALA GLU PRO ASP acid acid 
fraction fraction 
12°/oo (88.U3.0 mg) 0.0+0.0 0. 2±0.1 1.8±0.4 0.6+0.2 1.3±0.5 12.411.8 
32°/oo (80.4±8.5 mg) 2.0±0.4 1. o +
1 22.1±5.7 4.9+0.8 1.6+0.8 28.614.3 
12°/oo + AOA (101.9±7.1 mg) 0.0+0.0 0. 2+0.2 1.U0.3 0.2+0.1 1.3+0.5 3.310.2 
32o/oo + AOA (70.5±0.9 mg) O.ltO.l 0. 6+0.1 13.7±3.7 0.5+0.2 2.110.3 16.512.9 
12°/oo + ARS (110.0+12.4 mg) 0.0+0.0 6. 0+1.5 4.8±1.1 0.0+0.0 16.8±4.1 12.2+3.2 
+ ARS (86.2±5.9 mg) 0.3+0.2 11. ,3±2.5 37.2+6.1 0.0+0.0 8.6±2.0 48.211.7 
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during hyperosmotic shock (Table 2, Figure 4), the ^'^C-proline label would 
be expected to be rapidly diluted at high salinity, resulting in a slower 
rate of ^'•C-C02 production. Incorporation of radiolabel from I'^C-proline 
into alanine, glutamic acid and aspartic acid was greatly increased during 
hyperosmotic shock (Table 11). Additional support for the existence of 
increased metabolic flux was provided by the increased accumulation of 
radiolabel in glutamic acid, proline, and the organic acid fraction upon 
inhibition with 1 mM arsenite. The organic acid fractions labeled in the 
presence of arsenite at both low and high salinity most likely resulted 
from the accumulation of I'+C-a-ketoglutaric acid as a result of inhibition 
of a-ketoglutaric acid dehydrogenase. AOA prevented the incorporation of 
radiolabel from I'+C-proline into alanine and aspartic acid. 
Both the synthesis of proline from ornithine and the oxidation of 
proline in molluscs and most animal s are thought to occur via the inter­
mediate pyrroline-5-carboxylic acid (Campbell and Bishop, 1970). Meister 
et al. (1957) reported that proline can be synthesized from ornithine via 
pyrroline-2-carboxylic acid (P-2-C) as well as pyrroline-5-carboxylic 
acid (P-5-C) by yeast, plants and rat tissues. Burcham et al. (1980) 
have described an L-amino acid oxidase from m. demissus gill tissue that 
catalyzes the oxidation of ornithine to P-2-C. The enzyme was not in­
hibited by AOA or L-CS. There are, therefore, two different pathways for 
the conversion of ornithine to proline: 1) Transamination of ornithine 
to P-5-C and reduction of the latter to proline by P-5-C reductase; 
2) Oxidation of ornithine to P-2-C by L-amino acid oxidase and reduction 
of P-2-C to proline by P-2-C reductase. It was of interest to determine 
whether or not P-2-C was metabolized by m. demissus gill tissue as a part 
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of the tissue's metabolic reaction to hyperosmotic shock. In Table 12, 
data are presented which indicate that P-2-C was oxidized by m. demissus 
gill tissue at rates similar to those of P-5-C and proline. Previous ob­
servations have indicated that the carbon skeleton of proline, after con­
version to glutamic acid, enters the TCA cycle at a point of a-ketoglutaric 
acid. Arsenite, which inhibits a-ketoglutaric acid dehydrogenase, and 
prevents further catabolism of a-ketoglutaric acid, inhibited the oxida­
tion of P-5-C, P-2-C, and proline to very similar degrees (Table 12). 
Table 12. The oxidation of proline and its precursors pyrroline-5-car-
boxylic acid (P-5-C) and pyrroline-2-carboxylic acid (P-2-C) 
by isolated gill tissue (30 mg) of 12°/oo ASW adapted m. 
demissus. Proline (93,000 dpm/flask), P-5-C (98,000 dpm/ 
flask), and P-2-C (97,000 dpm/flask) all had specific radio­
activities of 0.5 wCi/umole. All incubations were in 25°C 
12°/oo ASW in the presence or absence of 1 mM arsenite. Each 
value is the mean (± S.E.M.) of tissue samples from two (Pro) 
or four (P-5-C and P-2-C) mussels 
Substrate (± Inhibitor) DPM ^*+0-002 evolved/30 mg/4 hrs 
Proline 18,789 ± 7,146 
Proline + arsenite 3,748 ± 1,771 
Pyrroline-5-carboxyl ic acid 16,303 ± 2,871 
Pyrroline-5-carboxylic acid + arsenite 1,938 ± 316 
Pyrroline-2-carboxylic acid 12,203 ± 2,416 
Pyrroline-2-carboxylic acid + arsenite 1,806 ± 356 
Metabolism of valine and aspartic acid As other amino acids 
have been suggested as sources of the alanine carbon skeleton during adap­
tation to high salinity (Bishop, 1976), it was appropriate to examine the 
transfer of radiolabel from other representative amino acids during 
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hyperosmotic shock. Two amino acids, aspartic acid and valine, were 
selected. Aspartic acid was used because of fluctuations in its concen­
tration during high salinity adaptation, and valine was chosen as an es­
sential amino acid which would serve as an example of amino acids derived 
from protein degradation. 
It was apparent that despite the possible isotope dilution of 
valine during high salinity stress (Figure 5), labeled valine was metabo­
lized at much higher rates during hyperosmotic stress (Table 13). While 
14C-C02 production from ^'•C-valine doubled during hyperosmotic stress, 
i^C-alanine synthesis increased 30-fold indicating a preferential incor­
poration of label into alanine. The magnitude of the increase in incor­
poration into alanine during stress relative to that found at 12°/oo» sug­
gested that the observed accumulation of labeled alanine was more than 
the result of decreased alanine catabolism alone. Radiolabel incorporation 
into glutamic acid and aspartic acid from ^'^C-valine also increased during 
shock. Incorporation of the radiolabel into other amino acids was not de­
tected. 
i^C-incorporation into alanine from ^'•C-aspartic acid was increased 
more than 35-fold during hyperosmotic shock (Table 14). Mercaptopicolinic 
acid, an inhibitor of phosphoenolpyruvate carboxykinase, at a concentra­
tion of 1 mM, did not significantly decrease the conversion of I'+C-aspartic 
acid to i4c_aianine during hyperosmotic shock. Addition of mercapto­
picol inic acid to tissues kept at low salinity decreased ^'^C-alanine syn­
thesis by 67%. These data suggest that conversion of TCA intermediates 
to alanine via a pathway involving phosphoenolpyruvate carboxykinase may 
not be the primary mechanism utilized by m. demissus gill tissue during 
Table 13. Effects of hyperosmotic shock (12°/oo 32°/oo) the incorporation of ^'•C-U-valine 
(3.0 yCi) into metabolic intermediates in isolated gill tissue of 12°/oo ASW adapted 
Modiolus demissus. Each value represents the mean (± S.E.M.) of tissue samples from 
two mussels. Details of the experimental procedures including amino acid separation 
(Solvent system #2) and recovery are described in the text 
Salinity (wet weight) 
ALA ASP 
Total ICT^OPM/mg fresh tissue 
GLU CO; 
Organic 
acid 
fraction 
Amino 
acid 
fraction 
120/00 (76.7+5.7) 0.4+0.0 3.7+0.3 1.4+0.2 9.2±4.3 1.0+0.2  11.2+3.2 
320/00 (65.6+1.0) 11.9+2.0 5.6+0.5 2.8+0.3 21.7±3.1 1.3±0.1 29.6+7.2 
Table 14. Effects of mercaptopicolinic acid (MPA) at a final concentration of 1 mM on the incorpor­
ation of ^'•C-U-aspartic acid (3.0 uCi) into metabolic intermediates in isolated gill tis­
sue of 12°/oo ASW adapted m. demissus during six hours of hyperosmotic shock. Each value 
represents the mean {± S.E.M.) of tissue samples from two mussels. Details of the experi­
mental procedures including amino acid separation (Solvent system #2) and recovery are de­
scribed in the text 
Total lO-^OPM/mg fresh tissue 
Treatment (wet weight) 
ALA ASP GLU 
Organic 
acid 
fraction 
Amino 
acid 
fraction 
120/00 (78.4±2.2) 0.6±0.2 8.9±2.1 0.5±0.0 4.0+0.8 11.9±1.2 
320/00 (79.7+4.0) 22.4+2.2 6.3+0.4 0.7±0.1 5.8+1.1 . 35.0±2.3 
120/00 + MPA (86.8±3.1) 0.2+0.0 11.1±2.8 0.5±0.1 3.2±1.0 13.5±2.4 
320/00 + MPA (87.6±5.0) 18.4±4.4 8.7±0.6 0.7±0.1 6.0±1.9 31.3+3.3 
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hyperosmotic shock. Incorporation of radiolabel into the organic acid 
fraction was not affected by mercaptopicolinic acid. Interestingly, radio-
label from i4c_aspartic acid was incorporated into I'+C-glutaraic acid at 
both low and high salinity. Incorporation of radiolabel from ^'•C-aspartic 
acid into other amino acids, taurine and 8-alanine, was not detected. 
Alanine metabolism When i^C-U-alanine was used as a precur­
sor (Table 15), radiolabel was incorporated into aspartic acid and, to a 
lesser extent, into glutamic acid and organic acids. Incorporation into 
other amino acids, taurine, and 8-alanine, was not observed. During hyper­
osmotic shock, there was a hundredfold increase in the amount of residual 
i^t-alanine precursor. Although it was difficult to determine the rela­
tive contributions of isotope dilution and decreased alanine metabolism to 
the accumulation of ^^C-alanine, inhibition by AOA, which prevents the 
oxidation of alanine (Table 6), resulted in levels of ^^t-alanine in the 
low salinity controls, where the effect of isotope dilution is substan­
tially smaller, nearly identical to those found at 32°/oo. As expected, 
AOA also prevented the incorporation of ^'^C-alanine into aspartic acid 
and glutamic acid, while increasing the amount of radiolabel in the organ­
ic acid fraction. Arsenite also inhibited synthesis of aspartic acid and 
glutamic acid from ^^t-alanine while substantially increasing the amount 
of incorporation into organic acids. lodoacetic acid appeared not to af­
fect alanine metabolism at either low or high salinity. There was, how­
ever, a threefold decrease in the amount of labeled aspartic acid at both 
low and high salinities. 
A substantial incorporation of ^^t-alanine label ms found in alano-
pine (a,a-iminodipropionic acid or IDP) under certain conditions 
Table 1 5 .  Effects of the metabolic inhibitors aminooxyacetic acid (AOA), arsenite (ARS), and iodo-
acetic acid (lAA) at the final concentrations of 1 mM, 1 mM, and 0.5 mM, respectively, on 
the incorporation of ^^C-U-alanine (3.0 yCi) into metabolic intermediates in isolated gill 
tissue of 120/00 ASW adapted M. demissus during six hours of hyperosmotic shock (I20/00 -» 
32°/oo). Each value represents the mean (± S.E.M.) of tissue samples from two mussels. 
Details of experimental procedure including amino acid separation (Solvent systems 2 and 
3) and recovery are described in the text 
Total 10"^ DPM/mg fresh tissue 
Treatment (wet weight) 
ALA ASP GLU IDP 
Organic 
acid 
fraction 
Amino 
acid 
fraction 
1 2 0 / 0 0  ( 7 1 . 5 + 7 . 5  mg) 0 . 3 + 0 . 1  6 . 8 ± 1 . 8  0 . 7 + 0 . 2  0 . 0 + 0 . 0  1 . 4 +  0 . 1  1 0 . 0 + 3 . 0  
3 2 0 / 0 0  ( 7 8 . 9 ± 1 . 9  mg) 3 0 . 1 + 1 . 0  1 . 3 + 0 . 1  0 . 7 1 0 . 2  0 . 0 + 0 . 0  3 . 4 +  0 . 4  4 0 . 0 + 0 . 4  
1 2 ° / o o  + AOA ( 7 4 . 0 + 0 . 6 )  3 1 . 9 ± 0 . 4  0 . 1 + 0 . 1  0 . 0 + 0 . 0  O.OiO.O 2 . 4 +  0 . 2  4 5 . 3 1 0 . 5  
32°/oo + AOA ( 7 3 . 8 + 5 . 6  mg) 2 2 . 7 + 1 . 7  0 . 3 ± 0 . 0  0 . 4 + 0 . 1  2 . 1 1 1 . 0  8 . 5 +  3 . 3  3 2 . 4 + 0 . 0  
12°/oo + ARS ( 8 6 . 3 ± 5 . 8  mg) 1 . 8 + 0 . 4  0 . 0 + 0 . 0  0 . 6 1 0 . 0  3". 410.3 1 8 . 3 +  2 . 8  7 . 4 1 0 . 8  
32°/oo + ARS ( 8 7 . 2 + 8 . 9  mg) 7 . 2 + 0 . 6  O.OiO.O 0 . 3 1 0 . 1  3 . 6 1 0 . 3  1 7 . 7 +  3 . 6  1 4 . 7 1 0 . 2  
0
 
0
 
0
 C
M
 
+ lAA ( 9 4 . 8 ± 1 8 . 6  mg) 3 . 9 ± 1 . 3  1 . 9 ± 1 . 0  1 . 3 + 0 . 5  O.OiO.O 6 . 3 +  1 . 0  9 . 3 1 3 . 7  
32°/oo + lAA ( 7 8 . 6 ± 9 . 4  mg) 2 5 . 3 ± 5 . 2  0 . 5 ± 0 . 2  0 . 8 1 0 . 2  O.OiO.O 1 0 . lt 0 . 6  3 2 . 4 + 6 . 5  
12°/oo + AOA + ARS ( 7 3 . 0 ± 0 . 2  mg) 0 . 7 + 0 . 7  0 . 0 + 0 . 0  O.OiO.O 7 . 5 1 3 . 2  2 3 . 2 1 1 1 . 8  8 . 0 1 2 . 0  
CO
 
r
o
 
0
 
0
 
0
 + AOA + ARS ( 8 4 . 0 ± 1 4 . 0  mg) 3 . 0 + 0 . 4  O.OiO.O O.OiO.O 7 . 0 1 2 . 4  1 5 . 8 1  1 . 2  10.612.8 
of metabolic inhibition. This was most pronounced when AOA and arsenite 
were used together (Table 15). As alanopine has been found to be an end-
product of anaerobic metabolism in molluscs (Collicutt and Hochachka, 1977; 
Fields et al., 1980), arsenite inhibition, as previously mentioned, may in­
duce an "anaerobic-like" state in which characteristic anaerobic reactions 
(e.g., aspartic acid utilization and alanopine synthesis) occur. No evi­
dence was found for the participation of alanopine in the metabolic re­
sponse of M. demissus gill tissue to hyperosmotic shock. 
Glucose metabolism When ^'^C-U-glucose was used as a precursor 
in isolated gill tissue at low salinity, the radiolabel was incorporated 
into aspartic acid, alanine, and, to a lesser extent, glutamic acid and 
glycine/serine. No label was found in proline. Large amounts of the 
radiolabel were found in the organic acid fraction. During hyperosmotic 
shock, incorporation of radiolabel from ^'^C-glucose into alanine was in­
creased 15-fold, while labeling of the organic acid fraction decreased 
(Table 16). Hyperosmotic shock did not result in higher levels of glycine/ 
serine synthesis from glucose. lodoacetic acid, at a final concentration 
of 0.5 mM, inhibited incorporation of the radiolabel from ^''C-glucose into 
alanine by 54% during high salinity stress. lodoacetic acid inhibited 
synthesis of aspartic acid and glutamic acid from glucose at both low and 
high salinities. These results are in agreement with earlier observations 
of Baginski and Pierce (1978) and Henry et al. (1980) in suggesting that 
some of the alanine synthesized during adaptation to high salinity orig­
inates from glucose. The lack of substantial incorporation of 
glucose label into glycine/serine agrees with previous results of Baginski 
and Pierce (1978) and de Zwaan et al. (1975). Incorporation of the 
Table 1 6 .  Effects of 0 . 5  mf1 iodoacetic acid (lAA) on the incorporation of ^^C-U-glucose ( 3 . 0  wCi) 
into metabolic intermediates in isolated gill tissue of 12°/oo ASW adapted m. demissus 
during six hours of hyperosmotic shock (12°/oo ^ 32°/oo). Each value represents the mean 
(± S.E.M.) of tissue samples from three mussels. Details of the experimental procedures 
including amino acid separation (Solvent system #2) and recovery are described in the text 
Total Iff"^ DPM/mg fresh tissue 
Treatment (wet weight) ALA ASP GLU GLY/SER 
Organic 
acid 
fraction 
CO2 
Amino 
acid 
fraction 
120/00 (80.U4.3 mg) 2.U0.8 4.4+0.7 0.7±0.2 0.3±0.1 12.7±1.3 16.3+0.9 8.4±1.2 
12°/oo ± lAA (91.7±15.8 mg) 1.4±0.6 0.2+0.1 0.2+0.1 0.0±0.0 30.0+5.5 12.7+1.5 7.0±1.3 
32°/oo (76.9+4.3 mg) 30.6±4.6 1.4+0.2 0.8±0.2 0.4±0.1 11.9±1.9 9.6+9.1 35.2±3.7 
320/00 + lAA (92.1+12.1 mg) 15.1±3.1 0.1+0.0 0.2+0.0 0.3+0.1 18.9+4.2 5.0+0.1 20.7+0.4 
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radiolabel from ^'^C-glucose into other amino acids, taurine, S-alanine, 
or alanopine was not detected. 
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DISCUSSION 
Physiological mechanisms employed in the accumulation of amino acids 
by euryhaline bivalves subjected to hyperosmotic shock can occur through 
several processes which may work in concert. These processes include 
1) increased amino acid influx (Johnston, 1976; Crowe et al., 1977; 
Strange and Crowe, 1979), 2) alterations in the equilibrium between free 
and protein-bound amino acids (Bedford, 1971b; Bishop, 1976), 3) decreased 
amino acid catabolism (Gilles, 1979), and 4) increased de novo synthesis 
from glucose and/or glycogen (Baginski and Pierce, 1978; Henry et al., 
1980). The experimental protocol used in the present study employed the 
use of isolated tissues and eliminated amino acid influx as a major source 
of amino acids. The data presented here suggest that the accumulation 
of amino acids in isolated tissues of Modiolus demissus results from a com­
bination of decreased catabolism, increased synthesis via pathways related 
to the energy metabolism of the cell, and decreased amino acid efflux. 
Earlier work by Baginski and Pierce (1977) indicated that alanine, 
proline, and to a smaller extent, glycine, were found to accumulate in 
isolated heart and gill tissue of M. demissus when transferred from a 
hypoosmotic medium to a hyperosmotic medium. Studies reported here con­
firm this observation and indicate that g-alanine was also a major osmotic 
solute in M. demissus. Other amino acids were found to accumulate during 
hyperosmotic shock, albeit at very low levels. Levels of the branched-
chain amino acids, leucine, isoleucine and valine, which are thought of as 
essential amino acids in molluscs (Campbell and Bishop, 1970), were moni­
tored as a possible measure of protein degradation. The concentrations 
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of these three amino acids increased from less than 0.5 ^moles/gm dry 
weight gill tissue at low salinity, to approximately 2 ^moles/gm dry 
weight at high salinity. Increases in the levels of the branched chain 
amino acids during adaptation to high salinity have been reported to occur 
in Cxassostrea virginica (Lynch and Wood, 1966), Rangia cuneata (Henry et 
al., 1980) and Mya arenaria (Virkar and Webb, 1970), 
The importance of amino acids other than alanine and proline is em­
phasized in experiments with inhibitors of the accumulation of these two 
major osmotic solutes. For example, when alanine and proline accumula­
tion is inhibited by the aminotransferase inhibitors, the increase in the 
total free amino acid pool size is only slightly decreased. We have shown 
that the increase in the free amino acid pool under these circumstances 
is due to the accumulation of amino acids which normally are precursors 
to proline and alanine. For example, ornithine, which accumulates at 
high salinity in the presence of AOA or L-CS is undoubtedly an intermediate 
in the synthesis of proline during hyperosmotic shock. Likewise, inhibi­
tion of alanine accumulation with arsenite gives rise to an accumulation 
of glutamic acid, indicating that tricarboxylic acid cycle intermediates 
are an important source of carbon skeletons for alanine. Such experiments 
have allowed identification of the probable origins of the osmotic solutes 
which accumulate in isolated tissues of m. demissus during hyperosmotic 
shock. 
The synthesis of proline and alanine will be discussed in detail be­
low. However, as the catabolism of amino acids in general would be ex­
pected to affect the accumulation of the amino acids which act as osmotic 
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effectors, we have examined the i^t-C02 evolution from a number of 
amino acids. Interpretation of the results of these experiments is com­
plicated by changes in the amino acid pool size during the course of the 
experiment. One can, however, estimate the change in the rate of CO2 pro­
duction from the various amino acids in the intracellular pool by calculat­
ing the average specific radioactivity of the amino acids in the pool, 
and multiplying by the DPM ^'^C-COa evolved during the incubation period. 
These data are presented in Table 17. It is apparent that, while some 
amino acids have greatly reduced catabolism during hyperosmotic shock 
(e.g., glycine, alanine and aspartic acid), others exhibit only slightly 
reduced (e.g., glutamic acid) or increased levels of catabolism (e.g., 
proline). 
Table 17. CO2 evolution from amino acids in gill tissue of Modiolus 
demissus during hyperosmotic shock. Values are calculated from 
data in Tales 2 and 6 according to the following formula; 
[nmoles amino acid/10 mg dry wt after 2 hrs incubation] 
DPM ^^C-C02/10mg dry wt/4 hrs . 
DPM i4c_amino acid added per flask 
Values are expressed as nmoles CO2/IO mg dry wt/4 hrs 
AOA Arsenite 
120/00 0 0 
0 C
M
 C
O 
120/00 32*/oo 120/00 320/00 
Ala 51.8 20.9 7.4 8.3 2.9 2.0 
Glu 104.0 79.4 88.2 72.9 30.2 13.9 
Asp 198.1 66.2 43.2 85.8 48.9 37.8 
Gly 44.9 2.1 3.9 0.9 9.2 0.2 
Pro 0.2 2.5 1.3 2.1 0.2 0.4 
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High levels of CO2 evolution from amino acids such as aspartate, 
glutamic acid, proline and valine (Tables 6, 13 and 17) during hyperosmotic 
shock, suggest that metabolic flux through portions of the tricarboxylic 
acid cycle plays an important role in adaptation to high salinity. Evi­
dence for this metabolic flux is found in the accumulation of intermediates 
when the tricarboxylic acid cycle is inhibited by arsenite (Tables 2, 8, 
and 11). The intermediates of the tricarboxylic acid cycle, originating 
from the catabolism of amino acids of endogenous pools and protein, may 
well give rise to a majority of the carbon skeletons of the accumulating 
alanine. In addition, oxidation of the reducing equivalents produced in 
the metabolism of these intermediates could provide the cell with energy 
in the form of ATP. 
Proline Metabolism 
The accumulation of large amounts of ornithine and the decrease in 
proline levels upon aminotransferase inhibition during hyperosmotic shock 
(Tables 1 and 2) indicate that ornithine could be a major intermediate 
in proline synthesis in tissues of Modiolus demissus. Changes in free 
intracellular arginine, ornithine and proline levels due to hyperosmotic 
shock have been shown to be interrelated in tissues of a number of bivalves 
including Rangia cuneata (Henry et al., 1980), Polymesoda caroliniana 
(Gainey, 1978), Mya arenaxea (Virkar and Webb, 1970), and crassostrea 
virginica (Lynch and Wood, 1966). The synthesis of proline from arginine 
has been found in insects (Reddy and Campbell, 1969), trematodes (Kurelec, 
1975), birds (Austic, 1973) and mammalian cells (Smith and Phang, 1979). 
Portions of this pathway were demonstrated in the land snail otaia lactea 
88 
by Campbell and Speeg (1968), The experiments reported here with i're­
labeled arginine and ornithine (Table 8) confirm that ornithine and 
arginine are precursors for proline synthesis in isolated gill tissue from 
M. demissus. During adaptation to high salinity, synthesis of proline 
from I'+C-ornithine and I'+C-arginine increased 53 and 8-fold, respectively. 
Radiolabel from uniformly labeled I'+C-glutamic acid, glucose, aspartic 
acid and alanine was not incorporated into proline, confirming previous 
reports by Baginski and Pierce (1978) and de Zwaan et al. (1975), which 
demonstrated that glucose and glutamic acid were not converted to proline 
in tissues of bivalve molluscs. 
Neither ornithine nor arginine pools appear to be the original source 
of the proline that accumulates during hyperosmotic shock as measurements 
of their pool size do not show any marked decrease. Some arginine may be 
provided through the direct release of arginine from protein. The release 
of amino acids via protein turnover during hyperosmotic shock is indicated 
by an accumulation of branched-chain amino acids (Figure 5). Another 
possible source of arginine is phosphoarginine, the most common molluscan 
phosphagen (Campbell and Bishop, 1970). Estimates of molluscan phospho­
arginine pool sizes, which include values of 10.5 ymoles/gm wet weight in 
LoUgo peaieii mantle muscle (Storey and Storey, 1978), 13.4 ymoles/gm 
total H^O in Mytiius eduiis adductor muscle (Potts, 1958), 9.2 ymoles/gm 
wet weight in the posterior adductor muscle of Mytiius eduiis (Ebberink 
et al., 1979) and 9.2 ymoles/gm wet weight in Tapes watiingi foot tissue 
(Barrow, et al., 1980), suggest that the pool size is sufficiently large 
to give rise to the observed accumulations of proline. Zurburg and 
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Ebberink (1980), however, could not detect phosphoarginine in gill tis­
sue of Mytilus edulis. 
Enzymes associated with the conversion of arginine to proline, glu­
tamate and a-ketoglutaric acid, including arginase (Gaston and Campbell, 
1966; Hani on, 1975; Bishop et al., 1980b), L-amino acid oxidase (Hope and 
Horncastle, 1967; Burcham et al,, 1980), ornithine aminotransferase 
(Campbell and Speeg, 1968; Greenwalt and Bishop, 1980), P-5-C reductase 
(Greenberg, 1962; Bishop et al., 1980b), glutamate dehydrogenase (Reiss et 
al., 1977), and proline oxidase (Bishop et al., 1980b), have all been 
found in molluscan tissues, including those of Modiolus demissus. In the 
proposed pathway of proline metabolism (Figure 15), the aminotransferase 
inhibitors act at the ornithine aminotransferase step, thereby giving rise 
to the observed increases in ornithine levels during hyperosmotic shock. 
During hyperosmotic shock, ornithine appears to be transaminated to 
pyrroline-5-carboxylic acid for subsequent conversion to proline. Another 
possible fate of ornithine is conversion to pyrroline-2-carboxylic acid 
by L-amino acid oxidase (Burcham et al., 1980). The L-amino acid oxidase 
does not appear to represent a major pathway for ornithine metabolism in 
M. demissus gill tissue, however, as the aminotransferase inhibitor L-
cycloserine, which does not affect the oxidase, blocked evolution 
from I'+C-ornithine by more than 99% at both low and high salinity (Table 
9). In addition, AOA blocked the synthesis of I'^C-proline from I'^C-orni-
thine during hyperosmotic shock (Table 8). 
In the presence of the aminotransferase inhibitor AOA, approximately 
4 (gill) and 6 (heart) umoles proline/gm dry wt tissue accumulate during 
PYRROLINE-2-CARBOXYLIC ACID (P-2-C)-
L-amino acid 
oxidase 
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arqinase 
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Figure 15. Pathways of proline metabolism in gill tissue of Modiolus demissus 
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hyperosmotic shock (Tables 1 and 2). In light of the demonstrated ef­
fectiveness of AOA, it is probable that a portion of the proline is pro­
duced via a transaminase-independent pathway. The direct release of pro­
line residues from protein could account for the proline that accumulates 
during hyperosmotic shock in the presence of AOA. Increased release of 
proline from degraded protein during hyperosmotic shock has been suggested 
as a source of proline in m. demissus heart tissue by Baginski (1978). 
In Baginski's experiments, a variety of proteins from the heart, prelabeled 
with i4c_proline, had less radiolabel after hyperosmotic shock than pro­
tein from hearts maintained at low salinity. However, it could be argued 
that reutil ization of the I'+C-proline released from protein would be sub­
stantially lower at high salinity because of dilution of the I'+C-proline 
by the increased free intracellular proline pool. Such decreased reutili-
zation could account for the decreased levels of radioactivity in protein 
at high salinity. The increased levels of the branched-chain amino acids 
observed in this study (Table 5) could be an indication of protein degra­
dation during hyperosmotic shock. However, increased levels of these 
amino acids could also result from decreased amino acid efflux at high 
salinity. 
During the initial stages of hyperosmotic shock, proline levels in 
gill tissue increase more than a hundredfold. The calculations in Table 
17 indicate that the increase in proline concentration may be accompanied 
by an increase in the level of proline catabolism during hyperosmotic 
shock. Flux through proline was confirmed with studies utilizing arsenite 
as an inhibitor of a-ketoglutaric acid dehydrogenase. Such inhibition re­
sulted in large accumulations of in glutamic acid from i^C-labeled 
ornithine and I'+C-proline. In addition, inhibition of proline catabolism 
with arsenite resulted in increased levels of labeled proline when 
proline, I'+C-ornithine, and i^c-arginine were used as precursors. The 
apparent increase in proline catabolism during hyperosmotic shock may 
stem from the possibility that, at low salinity, proline metabolism is 
substrate limited. That is, metabolism of proline may be directly propor­
tional to the substrate (proline) concentration. Consequently, when pro­
line levels increase during hyperosmotic shock, there is a concomitant 
increase in proline catabolism. 
In both heart and gill tissues, the amount of ornithine which accumu­
lated at high salinity in the presence of AOA was approximately 20 pmoles/ 
gm dry weight in excess of the quantities required for the observed levels 
of proline synthesis in the absence of the aminotransferase inhibitor. 
If one assumes that this "excess" ornithine represents the amount of pro­
line which enters the tricarboxylic acid cycle as a-ketoglutaric acid 
during stress, then the stress-induced oxidation of proline may be as or 
more important to the cell than its function as an osmotic effector per se. 
i^C-incorporation studies (Tables 8 and 11) have shown that one product of 
proline metabolism in isolated gill tissue subjected to hyperosmotic shock 
was alanine. Such a pathway (i.e., proline alanine) has been reported 
to function as a route of energy (ATP) production in insect flight muscle 
(Bursell et al., 1974; Weeda et al., 1979) and in squid mantle muscle 
(Storey and Storey, 1978). In light of dramatically decreased pyruvate 
oxidation in isolated gill tissue during hyperosmotic shock (Figure 12), 
proline may serve a similar function in m. demissus. 
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In conclusion, the proline which accumulates in tissues of m. 
demissus in response to hyperosmotic shock appears to be derived from 
arginine (phosphoarginine) stores and to a smaller extent, from protein 
proline and arginine. The synthesis of proline requires neither anaerobic 
metabolic pathways, nor L-amino acid oxidase. The accumulation of proline 
appears to be accompanied by an increased catabolism of proline which may 
be linked to the energy metabolism of the cells. 
Alanine Metabolism 
The apparent dependence of alanine accumulation (Tables 1 and 2) and 
oxidation (Tables 6 and 9) on aminotransferase reactions, suggests that 
the metabolism of alanine in M. demissus occurs via classical transaminase-
1 inked pathways. The participation of an alanine dehydrogenase in the 
metabolic response of euryhaline mussels to hyperosmotic stress has been 
suggested by Livingstone et al. (1979), Zurburg and de Zwaan (1980) and 
Henry et al. (1980). Argument for the existence of this enzyme in mollus-
can tissues has been based, in part, on the presence of analogous enzymes 
involved in the reductive condensation of pyruvate and certain amino acids 
during anaerobiosis in molluscs (e.g., alanopine dehydrogenase [Fields, 
1976] and octopine dehydrogenase [Regnouf and Van Thoai, 1970]). These 
enzymes use alanine or arginine as substrates, however, and exhibit no ac­
tivity with NH^*. True alanine dehydrogenase activity has been described 
only in microorganisms (Yoshida and Freese, 1965). The lack of proven 
alanine dehydrogenase activity in molluscs and the inhibition of alanine 
metabolism by the aminotransferase inhibitor AOA, indicates that the direct 
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amination of pyruvate by an alanine dehydrogenase does not occur in m. 
demissus gill and heart tissues. 
When amino acids are synthesized de novo, there must be a source of 
amino groups. Previous workers, in suggesting that alanine is synthesized 
from glucose and/or glycogen stores, have not directly addressed the prob­
lem of the ultimate nitrogen source (Baginski and Pierce, 1975, 1978; 
Henry et al., 1980). For a review, see Bishop (1976). Ammonia fixation 
by glutamate dehydrogenase has been studied as a possible mechanism,for 
the incorporation of amino groups into amino acids which accumulate dur­
ing hyperosmotic shock (Reiss et al., 1977). Interestingly, use of the 
aminotransferase inhibitor AOA did not result in the accumulation of glu­
tamic acid during the initial stages of hyperosmotic shock (Tables 1, 2, 
8, and 11). Furthermore, when aminotransferase activities were inhibited 
by AOA, glutamic acid catabolism (COg evolution) appeared to remain approx­
imately the same (Tables 6 and 17). The continued metabolism of glutamate 
in the presence of AOA suggests a prominent role for glutamate dehydrogen­
ase (GDH) in amino acid metabolism of m. demissus during stress when amino­
transferase activity is blocked. Reiss et al. (1977) have found that GDH 
from M. demissus iS present at relatively low levels, is strongly acti­
vated by ADP, and is 5-10 times as active in the glutamate forming direc­
tion as in the oxidative step. Recently, Reiss (personal communication) 
has measured GDH levels in M. demissus that are much higher than previous­
ly reported. Storey et al. (1978) have suggested that the physiological 
role of GDH in the mantle muscle of the mollusc Loiigo peaieii, is the 
deamination of glutamate. 
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A transdeamination pathway in which ammonia is fixed into glutamic 
acid via GDH, with subsequent transfer of an amino group from glutamate 
to pyruvate to produce alanine, probably is not responsible for the accumu­
lation of alanine in tissues of m. demissus during hyperosmotic shock. In­
stead, it is our contention that proteins or endogenous amino acid pools 
provide the required amino groups, not through the release and subsequent 
fixation of ammonia, but through the direct transfer of amino groups via 
a number of aminotransferase reactions. In addition, the amino acids 
released through protein degradation and endogenous amino acid pools may 
well provide the majority of the carbon skeletons of the alanine molecules 
that accumulate during hyperosmotic shock. Four amino acids, ornithine, 
glutamic acid, aspartic acid, and valine, are discussed here relative to 
their role as precursors to the alanine carbon skeleton during high 
salinity adaptation. 
As mentioned previously, the accumulations of ornithine upon amino­
transferase inhibition (Tables 1 and 2) are greater than that required for 
the amounts of proline synthesized during stress. The studies with the 
inhibitor arsenite have established the existance of a substantial flux 
through proline and glutamic acid during stress with an eventual syn­
thesis of alanine. This is observed in greatly increased synthesis of 
i^C-alanine from I'+C-labeled arginine, ornithine, proline and glutamic 
acid during hyperosmotic shock (Tables 8 and 11). A pathway based on these 
observations is outlined in Figure 16. Based on the levels of ornithine 
which accumulate in the presence of AOA, it would appear that approximately 
20-25% of the alanine which accumulates during hyperosmotic stress in 
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Figure 16. Pathways of alanine synthesis in gill tissue of m. demissus 
during hyperosmotic shock. Prominent enzymes include 1) glu-
tamate-pyruvate aminotransferase, 2) glutamate dehydrogenase, 
3) malic enzyme, and 4) phosphoenolpyruvate carboxykinase 
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isolated gill tissue of m. demissus could originate with the phospho-
arginine pool or protein-derived arginine. 
Glutamic acid levels are somewhat variable in tissues of M. demissus 
during adaptation to high salinity. The glutamic acid concentration in 
stressed gill tissue increased by 5% (Table 2), 86% (Table 4), 77% (Table 
5) in three different experiments. A 14% increase in the glutamic acid 
concentration was observed in heart tissue subjected to hyperosmotic 
stress (Table 1). Baginski and Pierce (1977) reported a 20% increase and 
a 30% decrease in the glutamic acid concentration of«.demissus gill and 
heart tissue, respectively, under similar experimental protocols. Although 
glutamic acid is not an important osmotic effector per se, it appears to be 
an active intermediate in the mussel's metabolic response to high salinity 
stress. This is evidenced by a tripling of the glutamic acid concentra­
tion during hyperosmotic stress in the presence of arsenite (Table 2) and 
in very large increases in the amount of I'^C-labeled glutamic acid de­
rived from i4c_proline (Table 11) and I'+C-ornithine, I'+C-arginine and 
I'+C-glutamic acid (Table 8) precursors in the presence of both arsenite 
and increased salinity. Interestingly, Henry et al. (1980) failed to ob­
serve an accumulation of glutamic acid when alanine synthesis was decreased 
and, as a result, suggested that gl utamate-pyruvate aminotransferase was 
not involved in the metabolic response of Rangia cuneata to high salinity 
stress. The existence of active glutamic acid metabolism during stress is 
supported by the CO2 evolution data (Tables 6 and 17). 
Small amounts of alanine accumulate in the presence of AOA during 
hyperosmotic shock (Tables 1 and 2). The alanine that accumulates under 
these conditions may well be released directly from protein in a 
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transaminase-independent process. Synthesis of alanine from amino acids 
derived from protein degradation could take place via the pathways out­
lined in Figure 16. It would appear that protein degradation may increase 
in isolated gill tissue during hyperosmotic shock, if one assumes that in­
creased levels of branched-chain amino acids connote increased protein 
breakdown (Figure 5). The levels of valine, leucine and isoleucine have 
been observed to increase with increased salinity in other molluscs (Lynch 
and Wood, 1966). Alanine synthesis from protein degradation products is 
also evidenced by the increased incorporation of I'^C-valine into alanine 
during hyperosmotic shock (Table 13). The increased oxidation of 
valine during hyperosmotic shock, despite the expected isotope dilution 
produced by increased valine levels, indicates that the metabolism of 
valine is indeed stimulated during hyperosmotic shock. 
A number of investigators have observed a decrease in aspartic acid 
levels during hyperosmotic shock and have suggested aspartic acid as a 
source of carbon skeletons and/or amino groups for alanine synthesis 
(Allen, 1961; Collicutt and Hochachka, 1977; Dupaul and Webb, 1970, 1971). 
In M. demissus gill tissue, there is an actual increase in the level of 
aspartic acid during four hours of incubation at low salinity (Figure 2; 
Baginski and Pierce, 1973). As a consequence, the actual fall in the 
aspartic acid level, taken at the end of the incubation period, appears 
greater than that which actually occurs. Therefore, even though I'+C-
aspartate is converted to J-'+C-alanine during hyperosmotic shock (Table 14), 
the relative contribution of the aspartic acid pool may be smaller than 
previously thought. However, this does not detract from the role of 
aspartic acid in the proposed pathway (Figure 16). During hyperosmotic 
shock, incorporation of i^C-labeled ornithine, proline and glutamic acid 
into aspartic acid is significantly increased. 
An alternative pathway for the metabolism of aspartic acid during 
hyperosmotic shock is the purine nucleotide cycle (Bishop, 1976). The 
operation of this pathway, which is thought to be the major pathway of 
amino acid catabolism in some molluscan tissues (Campbell and Vorhaben, 
1979), would account for the continued evolution of CO2 from aspartic acid 
in the presence of AOA during hyperosmotic shock (Tables 6 and 17). The 
continued metabolism of aspartate may, however, be a reflection of the 
high I50 of glutamate-oxaloacetate aminotransferase for AOA (Figure 6). 
Hadacidin, an inhibitor of the purine nucleotide cycle (Shigeura and 
Gordon, 1962), had little effect (20% inhibition) on aspartic acid metabo­
lism in gill tissue of m. demissus (Greenwalt et al., 1978), indicating a 
minor role for the purine nucleotide cycle in aspartic acid metabolism 
during hyperosmotic shock. 
i^c-alanine is synthesized from a large number of ^'^C-amino acid 
precursors (Tables 3, 11, 13, and 14). Arsenite inhibited the incorpora­
tion of radiolabel from ^'^C-amino acids into alanine (Tables 8 and 11) 
and also inhibited the accumulation of alanine in gill tissue during hyper­
osmotic shock by 37% (Table 2). These data suggest that amino acids from 
endogenous pools or amino acids released via protein degradation can enter 
the tricarboxylic acid cycle as precursors to alanine. Low, but consis­
tent, levels of pyruvate oxidation during hyperosmotic shock (Figure 10) 
indicate that a fraction of the amino acids which enter the TCA cycle 
may be completely oxidized. The majority of the amino acids which enter 
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the TCA cycle during hyperosmotic shock, however, may be converted to the 
osmotic solute alanine. Arsenite would be expected to inhibit the synthe­
sis of alanine from amino acid precursors which are metabolized via path­
ways which include an a-keto acid dehydrogenase step. For example, syn­
thesis of alanine from arginine, ornithine and glutamic acid would be in­
hibited as arsenite inhibited a-ketoglutaric acid dehydrogenase, while 
alanine synthesis from valine, isoleucine and leucine would be inhibited 
by arsenite inhibition of the branched-chain a-keto acid dehydrogenases. 
Alanine synthesis from amino acids which are not metabolized via an a-keto 
acid, would continue in the presence of arsenite. 
There are several possible routes for the flow of TCA-derived dicar-
boxylic acids to pyruvate; 1) The transamination of oxaloacetic acid to 
aspartic acid followed by transport of aspartic acid to the cytosol where 
oxaloacetic acid is reformed. Phosphenolpyruvate would then be formed from 
oxaloacetic acid via the action of phosphenolpyruvate carboxykinase 
(PEPCK), and pyruvate would be formed from phosphenolpyruvate by pyruvate 
kinase; 2) Malate could be decarboxylated by "malic enzyme" to form pyru­
vate; and 3) malate could be transported to the cytosol via the mito­
chondrial malate-Pi shuttle, oxidized to oxaloacetic acid by cytosolic 
malate dehydrogenase, and then converted to pyruvate by the steps out­
lined in 1). With regard to the latter route, however, butylmalonate, an 
inhibitor of the malate shuttle, had no effect on alanine accumulation, 
indicating that if TCA intermediates are transported to the cytosol, they 
are transported via a shuttle mechanism which does not involve malate. 
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PEPCK is very active in molluscan tissues (Chen and Awapara, 1969; 
O'Doherty and Feltham, 1971) and functions in both anaerobic (de Zwaan 
and Wijsman, 1976) and gluconeogenic (Simpson and Awapara, 1965; O'Doherty 
and Feltham, 1971) pathways. Baginski and Pierce (1978) reported an 80% 
reduction in the incorporation of ^'•C-bicarbonate into succinate in m. 
demissus gill tissue subjected to hyperosmotic shock. The decrease in 
i^C-bicarbonate incorporation may indicate a change in the activity of 
PEPCK. In an attempt to determine whether the PEPCK pathway or the malic 
enzyme pathway is the major route for the synthesis of alanine from TCA 
intermediates, mercaptopicolinic acid, an inhibitor of PEPCK, was used. 
Mercaptopicolinic acid has K^'s of 1.9 uM and 1.1 yM with crude enzyme 
preparations of rat and tapeworm PEPCK respectively (Reynolds, 1980). 
Significant inhibitions of gluconeogenesis have been observed in isolated 
vertebrate tissues with levels of mercaptopicolinic acid similar to those 
used in the present study (Di Tullio et al., 1974; Jomain-Baum et al., 
1976; Okajima and Katz, 1979). As can be seen from the data in Table 14, 
mercaptopicolinic acid had little effect on the synthesis of alanine from 
aspartic acid. The inhibition that did occur, however, produced a cor­
responding increase in the amount of residual ^'•C-aspartic acid precursor. 
Whether the data presented here are a result of incomplete or complete 
PEPCK inhibition is not known. If PEPCK is not involved in the metabolic 
response of m. demissus tissues to hyperosmotic shock, an alternate path­
way would involve the direct decarboxylation of mal ate to pyruvate by 
malic enzyme. Malic enzyme is present in substantial amounts in mollus­
can tissues and has a K^ for malate of the same order of magnitude as that 
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of PEPCK for phosphoenolpyruvate (Hochachka and Mustafa, 1973). The high 
for pyruvate has led Hochachka and Mustafa (1973) to conclude that malic 
enzyme functions solely in the direction of pyruvate synthesis. This may 
account for reports of the absence (Van Marrewijk et al., 1973) or low 
levels (de Zwaan and Van Marrewijk, 1973) of the enzyme in mol Tuscan tis­
sues. In each case, the enzyme was assayed in the direction of malate 
formation. O'Doherty and Feltham (1971) reported that the activity of 
malic enzyme in the giant scallop piactopecten mageiianicas was approxi­
mately 50% of that of PEPCK. Collicuttand Hochachka (1977) have ascribed 
the synthesis of ^'•C-alanine from i'*C-aspartate in the oyster to the malic 
enzyme. The synthesis of pyruvate via routes utilizing malic enzyme have 
been reported in other invertebrates by Fioravanti and Saz (1973), Saz 
and Lescure (1969), Schottler (1977), Swierczynski et al. (1980) and Weeda 
et al. (1980). 
The data in Tables 5 and 16 indicate that some alanine synthesized 
during hyperosmotic shock could originate from glucose or glycogen stores. 
A 15-fold increase in the incorporation of radiolabel from ^^C-glucose into 
i^c-alanine was found in gill tissue subjected to high salinity. These 
results are similar to those reported by Baginski and Pierce (1973). In 
an attempt to determine the maximum amount of alanine that could be de­
rived via glycolysis, we have determined the rate of glucose utilization 
by isolated gill tissue during hyperosmotic shock (Table 7). Given an 
alanine accumulation rate of approximately 120 ymoles/gm dry weight/4 hrs, 
the calculated level of glucose utilization (about 60 ymoles/gm dry weight/ 
4 hrs), depending on the ultimate distribution of the glucose into COg, 
organic acids, amino acids and other intermediates, appears sufficient to 
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give rise to a fraction of the alanine which accumulates during hyper­
osmotic shock. The increase in the Ci/Cg ratio (Table 7) is also indica­
tive of a redirection of the glucose carbon skeleton away from pathways 
which lead to CO2 production, to pathways which produce metabolically 
inactive products (e.g., alanine), 
lodoacetic acid (0.5 mM) inhibited the accumulation of alanine in 
gill tissue subjected to hyperosmotic shock by 32% (Table 5). As iodo-
acetic acid inhibited glycolysis (i^c-glucose ^^c-alanine) by only 54% 
(Table 16), these results suggest that a large fraction of the alanine 
that accumulates during hyperosmotic shock could be derived from glucose. 
However, the decrease in the alanine levels may be partially due to the 
effects of iodoacetic acid on metabolic pathways other than glycolysis, 
lodoacetic acid is known to be a rather nonspecific inhibitor. For ex­
ample, iodoacetic acid has been reported to completely inhibit the a-keto 
acid dehydrogenases of valine and leucine metabolism, decrease valine trans­
amination of valine by 95%, and accelerate net protein breakdown in rat 
skeletal muscle (Chang and Goldberg, 1978). The data presented here do 
not support the suggestions of Baginski and Pierce (1978) and Henry et 
al. (1980) that glucose and/or glycogen stores are the sole source of 
alanine in euryhaline bivalves during hyperosmotic shock. Henry et al. 
(1980) used iodoacetic acid as an inhibitor of glycolysis in a study of 
alanine accumulation in whole specimens of Rangia cuneata and found that, 
after 48 hrs of adaptation to high salinity {Z°/oo 20°/oo), alanine ac­
cumulation was inhibited by only 19%. 
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Although some alanine is undoubtedly formed from glucose during hyper­
osmotic shock, the amount of alanine synthesized from glucose is limited 
by considerations of nitrogen balance. For every glucose molecule con­
verted into alanine, two molecules of amino acid would have to be degraded 
to form the amino groups of the alanine molecules. In view of the small 
residual amount of pyruvate oxidation and TCA cycling during hyperosmotic 
shock, as evidenced by the synthesis of ^^C-glutamic acid from ^'*C-aspar-
tate and ^'*C-alanine, some amino groups could be transferred from amino 
acids to glucose-derived pyruvate to form alanine. Recently, Zurburg and 
de Zwaan (1980) have suggested that stores of uric acid could provide the 
amino groups (in the form of NH3) for the synthesis of amino acids in 
mussels during hyperosmotic shock. The utilization of uric acid, however, 
would require fixation of NH3 and the enzyme urease. We have demonstrated 
that M. demissus gill tissue lacks urease (Table 9). It appears, there­
fore, that the tissues of m. demissus would be capable of synthesizing the 
required osmotic effectors without relying on a major contribution from 
glucose and/or glycogen stores or free NH3. The actual contribution of 
glucose and/or glycogen stores relative to the contributions of protein and 
endogenous amino acid pools may depend on the nutritional state of the 
animal. 
The Metabolism of Other Amino Acid Solutes 
Glycine and taurine are also major osmotic effectors in tissues of 
M. demissus, but Only after long term adaptation (Baginski and Pierce, 
1977). In the present study, taurine was not synthesized from any of the 
radioactive precursors used. Glycine and/or serine was synthesized from 
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^'+C-glucose at very low rates, but the rate of synthesis did not appear 
to increase during hyperosmotic shock. The lack of shock-induced syn­
thesis of glycine and taurine during the initial stages of hyperosmotic 
shock parallels the role of these amino acids as long term osmotic ef­
fectors. 
3-alanine appears to be a major osmotic solute in both gill and heart 
tissue of M. dendssus. The failure of Baginski and Pierce (1975, 1977) to 
report g-alanine in m. demissus tissue may be explained by the fact that 
g-alanine produces a very weak color when reacted with ninhydrin. g-ala­
nine has been found to accumulate during hyperosmotic shock in species 
of coelenterates (Kasschau and Chen, 1978) and some elasmobranchs (King 
et al., 1980). I'+C-g-alanine was not synthesized from any of the 
labeled precursors in this study. The accumulation of g-alanine during 
hyperosmotic shock was not inhibited by AÛA, L-CS or arsenite. The g-
alanine that accumulates during shock may be produced via the catabolism 
of uracil. Evidence for the existence of this pathway in bivalve and 
gastropod species has been reported by Campbell and Bishop (1970). An 
alternate route of g-alanine synthesis is the decarboxylation of aspartic 
acid. However, the enzyme aspartic acid decarboxylase is a pyridoxal 
phosphate-dependent enzyme present only in procaryotes (David and 
Lichstein, 1950). The lack of inhibition of g-alanine accumulation in 
M. demissus heart and gill tissue by AOA and L-CS indicate that this en­
zyme is not responsible for g-alanine synthesis during hyperosmotic shock. 
Alanopine (a,a-iminodipropionic acid), which accumulates as an end 
product of anaerobic metabolism in some molluscan tissues (Collicutt and 
Hochachka, 1977), does not appear to accumulate as an osmotic solute in 
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M. demissns gill tissue. ^'*C-alanopine was not synthesized from i^c-
alanine at either low or high salinity (Table 15). It was synthesized 
in the presence of arsenite, however, which indicates that arsenite may 
induce an anaerobic-like state in AT. demissus gill tissue. 
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CONCLUSION 
The accumulation of the amino acids alanine and proline as osmotic 
effectors in isolated tissues of the euryhaline mollusc Modiolus demissus 
appears to occur via transaminase-dependent pathways. The fixation of 
ammonia by glutamate dehydrogenase or an alanine dehydrogenase is not in­
volved in the metabolic response of this organism to the initial stages 
of hyperosmotic shock. Alanine, the major osmotic solute during the 
initial phase of adaptation, is derived from a number of sources. Amino 
acids derived from protein degradation contribute to the alanine pool 
both directly and through the synthesis of alanine from the carbon skele­
ton of the amino acids. They later appear to enter the tricarboxylic acid 
cycle where they are processed to dicarboxylic acids, which, in turn, are 
decarboxylated to pyruvate. Endogenous amino acids pools, such as those 
of aspartic acid and phosphoarg.inine, may also contribute to the pool of 
intermediates from which alanine is formed. Alanine is also synthesized 
from glucose during hyperosmotic shock. 
Proline is synthesized from arginine during hyperosmotic shock in 
isolated tissues of m. demissus. The arginine may be derived from the 
phosphoarginine pool of this organism. Small amounts of both arginine 
and proline may also be released directly from protein. The catabolism 
of proline appears to increase markedly during hyperosmotic shock. The 
metabolism of proline via the tricarboxylic acid cycle may be involved in 
the production of energy (ATP) in tissues subjected to shock. 
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APPENDIX 
Figure 17. Separation of amino acid standards by thin layer chromatography 
with solvent system #1. The solvent in the first (vertical) 
dimension was butanol:glacial acetic acid:water, 4:1:1 v/v/v 
(IV). The solvent in the second dimension vjas phenol :water, 
75:25 w/w (V). In each case, the solvent front was allowed to 
travel approximately 18 cm (0 denotes the origin) 
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Figure 18. Separation of amino acid standards by thin layer chromatography 
with solvent system #2. The solvent in the first (vertical) 
dimension was chloroform:metanol:17% ammonia water, 2:2:1 v/v/v 
(I). The solvent in the second dimension was phenol:15% aqueous 
formic acid, 3:1 v/v (II). In each case, the solvent front was 
allowed to travel approximately 15 cm (0 denotes the origin) 
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Figure 19. Separation of amino acid standards and alanopine (IDP) by thin 
layer chromatography with solvent system #3. The solvent in 
the first (vertical) dimension was propanol ;water,-7:3 v/v 
(III). The solvent in the second dimension was phenol:15% 
aqueous formic acid, 3:1 v/v (II). In each case, the solvent 
front was allowed to travel approximately 18 cm (© denotes 
the origin) 
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Figure 20. The extraction efficiencies of ^'•C-labeled alanine, aspartic acid and ornithine from TLC 
(silica gel) plates in the presence of varying amounts of unlabeled amino acid. The label 
was eluted from the silica gel 12 hours after application by heating the silica gel with 
1 ml water in a LSC vial for two hours at 60°C with vigorous shaking". The abscissa is 
labeled so as to correspond to the amount of amino acid in 10 ul of "amino acid fraction" 
from gill tissue of m. demissus adapted to different salinities 
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